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The ontogeny of vascular cambium and the wood formation in the 8 month-old Pinus 
radiata have been examined. The results showed that the procambium develops from 
the subapical meristem parenchyma, which is converted to pro cambial cells by 
periclinal division about 0.5 mm from the shoot tip. The interfascicular cambium 
originates from the interfascicular parenchyma, which is also derived from the subapical 
meristem. Transverse sections show that the interfascicular parenchyma convert to 
interfascicular cambial cells requires activation by the fascicular cambium. The 
vascular cambium was established by the fascicular cambium connecting with the 
interfascicular cambium. 
Compression wood formation is related to the plantlet's response to stress. The 
magnitude and distribution of compression wood is related to whether the stem is free-
growing, staked vertically, or tied to an inclined stake, the three situations generating 
27%, 14% and 49% compression wood as assessed by image analysis of thin sections. 
Stiffness, density, tracheid length, cell numbers/mm2, and percent cell wall area were 
tested for plantlets of clones 8 and 31 grown under three treatments. Compared to the 
free grown plantlets, the angled plantlets were shorter, thinner, contained more 
compression wood with thicker cell walls and more cells/mm2, and had shorter denser 
tracheids to formed weaker wood. By contrast the tied plantlets were taller and thinner, 
having fewer cells/mm2 with each tracheid being longer and less dense (thinner cell 
walls), but of similar stiffness to the free grown ones. Compression wood was stiffer 
than opposite wood because of its higher density, and the angled plantlets were weaker 
than the free and tied plantlets due to their shorter tracheids. Stiffness is related to 
density in angled plantlets, and related to tracheid length in the free and tied plantlets. 
Tracheid length is negatively related to density, cells Imm2, and percent cell wall. 
Density is related to percent cell wall and cells Imm2, and the percent cell wall and 
cells/mm2 related each other. 
11 
Stiffness, microfibril angle, density, and maximum crushing strength have been studied 
for 1 and 2 year-old seedlings from seedlots 10 and 28. The results indicated that 
stiffness increased and microfibril angle decreased from one year-old to two year-old 
material. A relationship between maximum crushing strength and density and a 
negative relationship between stiffness and microfibril angle existed in two years old 
plantlets. Stiffness and maximum crushing strength related each other in both one and 
two years old plantlets. 
Overall, this work proved to be a scoping trial. While the results could have been 
anticipated in general terms they do provide a useful description of very young wood. 
The extent of compression wood varied greatly between treatments, but even in the best 
case (tied) it takes up a significant proportion of the stem cross-section. However, the 
technical challenges, especially in the measurement of mechanical properties in such 
small samples remains a formidable challenge. 
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CHAPTER 1 
AN INTRODUCTION TO CAMBIUM ONTOGENY 
AND WOOD PROPERTIES IN JUVENILE AND 
COMPRESSION WOOD 
IN PINUS RADIATA 
1.1 General introduction 
1.1.1 Radiata pine 
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Pinus radiata D.Don (Syn. P. ins ignis Douglas), usually called radiata or, previously 
Monterey pine, is one of the most important plantation tree species grown extensively in 
several southern-hemisphere countries, such as New Zealand, Australia, Chile, and 
South Africa (Bamber and Burley, 1983). Radiata pine is the major species in New 
Zealand forestry plantations due to its impressive growth throughout the country. No 
other species grows as fast, with the possible exception of certain eucalyptus. However, 
because these young, fast grown pines achieve mill able size in a relatively short space 
of time (~ 30 years), the poor quality ofthe wood reflects this relative immaturity. 
1.1.2 Wood 
Wood is the common term for the xylem cells and comprises the fibrous material 
between the bark and pith in the tree. Wood comprises mainly cellulose, hemicelluloses, 
lignin, and numerous minor extractives (Webster and Mckechnie, 1980). In conifers, 
wood is made up of tracheids, horizontal ray tissue, and sometimes vertical parenchyma 
cells. Radiata pine wood, like that of other conifers, comprises about 95% tracheids 
(Higuchi, 1997). Radiata pine is a medium-density wood that is excellent for general 
purpose uses, such as construction, plywood, particleboard, furniture, and paper 
production. 
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1.1.3 Vascular cambium 
The vascular cambium, sometimes, called the secondary meristem, is a cylinder, at most 
a few cells wide, between the bark (phloem) and wood (xylem). The cambium has two 
types of dividing cells. The fusiform initials that divide longitudinally to form the axial 
system of the secondary vascular tissues are long and thin, the ray initials that divide 
forming the horizontally oriented ray cells comprising the radial system in the wood are 
rounded in tangential view. The vascular cambium develops in a number of ways 
(Butterfield, 1976). In some plants it originates from the residue of the apical meristem, 
while in other plants it is derived from subapical meristem parenchyma cells (Soh et ai., 
1989). Cambial initials and wood cells can be modified by internal and external stress 
to form compression (in softwoods) or tension wood (in hardwoods) that has different 
wood structures and properties (Wardrop, 1948; Lim and Soh, 1997). 
1.1.4 Wood properties and quality 
Wood properties are determined by the cellular, anatomical, chemical, and physical 
characteristics of the wood, such as cell wall thickness, tracheid length, microfibril 
angle, lignin content, and density. These characters are influenced by tree age, species, 
and geography. Therefore, the wood properties vary from growth ring to ring, from the 
base of the tree to its top, from tree to tree, from species to species at same site, and 
between sites (Larson, 1969). Wood quality determines the wood utilisation value of a 
tree (Zobel and Buijtenen, 1989). For many purposes wood scientists measure stiffness 
and strength. Wood density, microfibril angle, tracheid length, cell wall thickness all 
effect these two properties (Cave and Walker, 1994; Walker and Butterfield, 1996; 
Mishiro and Eiji, 1997). 
1.2 Low stiffness in radiata pine corewood (juvenile wood) 
Low stiffness is recognised to be a general problem in fast-grown, short-rotation 
softwoods. It is therefore very desirable to improve corewood quality by increasing 
wood stiffness and strength. Radiata pine has been commonly regarded as a rather poor 
timber (Welch, 1927; Bamber and Burley, 1983). It also has a low stiffness to strength 
ratio (Addis Tsehaye, 1995). Previous studies indicate that radiata pine had a low 
stiffness due to its corewood (Cown, 1992). The corewood zone contains a number of 
undesirable features including low density, thin cell walls, high moisture content, 
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significant amounts of compression wood, short fibres and high shrinkage values (Senft 
et al., 1985). Addis Tsehaye (1989) and Hadi (1992) reported that radiata pine grown 
on dry, stoney, windy sites in central Canterbury of New Zealand had especially low 
stiffness corewood. An analysis of the corewood of radiata pine from such a location 
on the Canterbury Plains showed that this Canterbury timber had 60 percent of the 
tensile strength and only 40 percent of the stiffness of comparable Nelson material 
(Addis Tsehaye, 1995). 
This thesis aims to examine those wood properties important for improving corewood 
quality but by focussing on young seedlings and clonal plantlets, rather than by studying 
older trees. The first part of the work examines the development of the cambium and 
describes the formation of xylem tissue in young radiata pine plantlets. Later, the 
thesis examines how properties vary within trees of different genetic origin when grown 
under different conditions, and seeks to find correlations between wood properties to 
predict wood quality at an early stage. 
1.3 Goals of the research programme 
The overall goals of the research program are: 
(a) To investigate tissue differentiation and wood formation in Pinus radiata and to 
study compression wood formation and distribution in clonal radiata pine plantlets 
grown under different treatments. 
(b) To determine differences in wood properties between clones, treatments, and 
location within the stem, and so to explain the genetic, environmental, and 
developmental factors influencing wood properties. 
(c) To measure properties of compression, opposite and normal wood in the young 
clonal plantlets grown at an angle to deliberately induce compression wood, and 
to characterise the modified wood formation. 
(d) To study wood properties of young seedlings from different seedlots to find 
seedlings with stiffer wood. 
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(e) To explore the interplay between wood characteristics and properties III 
determining wood quality. To determine the relationships between stiffness and 
wood properties (microfibril angle, cell number Imm2, percent cell wall area, 
tracheid length, percent compression wood, density, stiffness in compression, 
stiffness in tension, and maximum crush strength). 
1.4 Organization of research program 
The thesis falls into three parts, a study of cambium ontogeny, a study of the properties 
of clonal material, and of seedlings. 
1.4.1 Observations on cambium ontogeny and wood formation 
In this experiment the top parts of clonal plantlets are sectioned and observed for tissue 
differentiation and wood formation. The percent pith, percent wood, percent 
compression wood, cell numbers/mm2 and percent cell wall area in both normal wood 
and compression wood will be measured. The aims of this experiment are: 
(a) To observe how the vascular cambium develops, when secondary growth starts, 
how is wood formed, and the formation of compression wood and distribution in 
the stems of the plantlets. 
(b) To measure differences in percent pith, percent wood, percent compression wood, 
cell number Imm2, and percent cell wall area between clones, treatments, and with 
relative height up the stem. 
1.4.2 Studies of young clonal plantlets grown for 8 months in a regulated 
glasshouse 
In this experiment the stiffness in tension, the microfibril angle, density, tracheid length, 
cell wall percentage, cell number Imm2 for wood cut from different parts of the stem in 
young plantlets will be determined. The wood properties of the samples of compression 
wood, opposite wood, normal wood, and mixed wood of the angled trees will be 
examined. The aims of this experiment are: 
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(a) To analysis differences in wood properties between clones, treatments and 
position up the stem; to find genetic, developmental, and environmental factors 
acting on wood properties. 
(b) To determine differences in wood properties between compreSSIOn, opposite, 
normal, and mixed wood samples. 
(c) To determine if there are correlations between wood properties and the stiffness of 
wood. 
1.4.3 Studies of young seedlings (1 and 2 year-old) grown out of doors in 
Canterbury 
In this experiment the stiffness in compreSSIOn, the maXImum crushing strength, 
density, and microfibril angle of clear wood samples from seedlings will be determined. 
The aims of this experiment are: 
(a) To analysis differences in wood properties for existing seedlots, and to observe 
the effect on wood properties of seedling age. 
(b) To determine relationships between wood properties. 
(c) To find superior seedlots and seedlings having above average stiffness. 
1.5 Clonal plantlets and seedlings 
Seedlings were planted on Selwyn Plantation Board Land at Dalethorpe in the 
Canterbury foothills and at Burnham on the Canterbury plains in 1993. A further trial 
site was planted at Port Levy in late 1994. These trials were planted primarily to 
measure tree growth and form over the next 15 years and are subject to other research at 
the School of Forestry, University of Canterbury. However, a small area of land was 
planted with additional material to allow for destructive sampling of both clones and 
seedlings for wood quality. The trial block at Port Levy provided the GF seedling 
material used in Chapter 5. Subsequent concerns about the variability in the resource 
material suggested that more reproducible data would be obtained if future work was 
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done on clonal material grown in a glasshouse under controlled conditions. Two clones 
supplied by Fletcher Challenge Forestry were grown in planter bags in a glasshouse of 
Plant and Microbial Sciences at the University of Canterbury in July 1996. Clonal 
plantlets taken from the glasshouse provided material for work reported in Chapters 3 
and 4 of this thesis. 
1.6 Thesis outline 
This thesis has the following format: 
" An introduction to the thesis topics in Chapter 1; 
It An overVIew of the literature on tissue differentiation, wood structure, 
compression wood, and mechanical properties in Chapter 2; 
.. A study of ontogeny and development of the vascular cambium and wood 
formation in Chapter 3; 
.. A study of clonal plantlet stemwood properties and wood types (compression, 
opposite, normal, and mixed wood) in Chapter 4; 
" A study of the variability found in young trees, in Chapter 5; 
.. A general discussion in Chapter 6. 
CHAPTER 2 
LITERATURE REVIEW 
- An over view on cambium development, juvenile wood 
properties, and compression wood properties 
7 
This literature review is broken into three parts. The first part concerns cambial 
development and is relevant to the experimental work in Chapter 3 of this thesis. Part 
two and three concern juvenile wood and compression wood properties (microfibril 
angle, tracheid length, density, stiffness, and strength) and relate to work in Chapter 4 
and 5 respectively. 
Part one: An overview on vascular cambium development 
The vascular cambium is of importance in the practical fields of forestry, and timber 
production and utilisation, many of the wood properties depend on the length of its 
cells. Relationship of tracheid length to activity of cambium has not been well 
understood. A consideration of the processes of division and elongation of the 
cambium initials is essential for a more understanding of wood formation and wood 
properties. Therefore, the cambium ontogeny, development, activity, and quality will 
be reviewed in this part. 
The vascular cambium is called the secondary meristem and is a thin layer cylinder 
between the bark and wood in the tree. It contains actively or potentially actively 
dividing cells and responding to secondary growth, or, thickening growth for the trees. 
The vascular cambium develops from the procambium, fascicular, and interfascicular 
cambium (Philipson et ai., 1971; Butterfield, 1973, 1974). 
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2.1 Procambium, fascicular cambium, and interfascicular cambium 
The apical meristem is the growing point of the shoot of seed plants. Its cells divided 
into two main regions: one is the promeristem which comprises the apical initials and 
neighbouring cells, and behind it is another one called the meristematic zone in which 
there are three basic meristems (the protoderm, procambium, and ground meristem) of 
the tissue systems can be distinguished (Fahn, 1990, p.52). In gymnosperms and 
dicotyledons, it is common to first appear as a system of discrete procambial strands in 
the sub-apical meristem region, and these procambial strands are separated by the 
interfascicular areas called the interfascicular sectors. Procambium is a cambium 
located in pro cambial strands which cells were differentiated from sub-apical meristem. 
With the development, the procambial strands develop to the fascicular bundles. The 
cambium in fascicular bundles is called the fascicular cambium. The cambium 
develops from the interfascicular sector cells called the interfascicular cambium (Soh 
and Young, 1992). These three cambia are essential tissues for establishing a complete 
vascular cambial cylinder. 
2.1.1 Origin of the procambium 
The procambium has its origin in the actively dividing and enlarging shoot apex and is 
the source of the primary vascular tissues. The procambium originates from the sub-
apical meristem, where cells converted by periclinal division form radial files forming 
the procambium. Figure 2.1 shows a procambium is initially forming in the centre of 
the procambial strands in Ricinus Communis. Note the procambial cells in the centre of 
a procambial strand are well developed through periclinal division to form radial row 
that is presenting pro cambium characteristics (after Fahn, 1990}. 
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Figure 2.1 The procambial strands develop from the sub-apical meristem (left) 
and the procambium originates and develops in a procambial 
strands in Ricinus Communis (right) (from Fahn, 1990). 
Note the procambial cells in the centre of a procambial strand are well developed 
through periclinal division to form radial row that is presenting pro cambium 
characteristics. 
2.1.2 Origin of the interfasciuclar cambium 
There are contradictory views on the origin of interfascicular cambium. One view is 
that, the interfascicular cambium has an ontogenetic continuity from the residual 
meristem (Siebers, 1971 a, b, 1972; Soh et aI., 1989; Soh, 1991; Soh and Young, 1992). 
In the second view, the interfascicular cambium does not have an ontogenetic continuity 
from the residual meristem, but differentiates from interfascicular parenchyma (Esau, 
1977; Cutter, 1978; Little and Jones, 1980; Buval, 1989; Fahn, 1990). 
Soh and Young (1992) reported that in Ricinus communis, the interfascicular cambium 
origins from the residual meristem. There is a structural distinction between the 
interprocambial and interfascicular residual meristem and adjacent parenchyma in both 
the transverse and tangential view. The residual meristem does not convert into 
parenchyma, but becomes interfascicular cambium. Therefore, the interfascicular 
cambium has a direct ontogenetic continuity with the residual meristem, and does not 
have its secondary origin from differentiated parenchyma. Furthermore, the ontogenetic 
pattern of the interfascicular cambium is almost the same as that of fascicular cambium. 
Figure 2.2 shows the interfascicular cambium origins from the residual meristem in 
Ricinus communis. 
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Figure 2.2 Transverse sections of the Ricinus communis showing a sequence of the 
interfascicular cambium origins from interprocambial residual 
meristem (from Soh and Young, 1992). 
Note that there is no information about metaphloem and metaxylem differentiation 
before occurring initiation of the interfascicular cambium by periclinal division. 
2.1.3 Ontogeny and development of the vascular cambium 
The ontogeny of the vascular cambium has been investigated by a number of anatomists 
(Butterfield, 1976; Cutter, 1978; Soh, 1991; Soh and Young, 1992). In general, a 
complete vascular cambium cylinder is established when the fascicular cambium and 
interfascicular cambium connect. Larson (1976) studied Populus deltoides seedlings, 
his results demonstrated that progressive development of the vascular cambium occurs 
from procambial strands to pro cambial trace to initiation layer to metacambium to 
cambium. 
Butterfield (1976) investigated the ontogeny of the vascular cambium in Hoheria 
angustifolia and found that the complete vascular cambium cylinder is established from 
procambium developed to metacambium to cambium. And the transition from 
procambium to cambium is a gradual one with the meristem acquiring some cambial 
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characteristics before and some after internodal elongation has ceased. Figure 2.3 
shows a region of the vascular cambium cylinder in Hoheria angustifolia. 
Figure 2.3 A region of the vascular cambium in Hoheria angustifolia 
(from Butterfield, 1976). 
Note the secondary xylem cells (SX) were well differentiated from cambial initials and 
form a complete secondary xylem cylinder (Ve). 
The development of the vascular cambium varies in different species. This makes the 
ontogeny of the vascular cambium complex. There are different criteria used for 
defining secondary growth, and considerable variation between plants, in the transition 
from pro cambium to cambium. The precise time of origin of the vascular cambium is 
difficult to determine both theoretically and practically. It is usually impossible to 
distinguish sharply between primary and secondary tissues (Butterfield, 1976). 
Therefore, Esau (1965) suggested that the procambium and the cambium are best 
regarded as two developmental stages of the same meristem. 
Albert and Shah (1998) reported observations on the structural changes in the 
procambium and its subsequent transformation into the secondary vascular meristem in 
the developing petiole of G. Arborea and T rosea. During the procambial stage, the 
cells have a homogeneous structure and are short with transverse end walls. With the 
onset of metaxylem development, pro cambium in G. arborea shows polygonal and 
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rectangular cells in transverse sections. In longitudinal sections the polygonal cells are 
shorter and denser than the rectangular ones. In T. rosea an intermediate stage of 
metacambium is traceable between procambium and cambium. Metacambium is 
characterised by regular periclinal divisions resulting in radial flattened cells arranged in 
radial files. Tangentially the metacambium shows structurally two separate cell types, 
long and short cells. In G. arborea the secondary vascular meristem cells do not show 
typical fusiform appearance and hence are termed transit cells. In T.rosea the cambium 
shows both fusiform and ray cell systems. 
Stages in the transition from procambium to cambium must become known in a greater 
number and variety of plants before many of the fundamental problems associated with 
the onset of secondary growth can be resolved. The cambium can be modified by 
growth stress to give rise to secondary tissues with specialised characteristics. 
2.2 Wood formation 
The vascular cambial initials undergo periclinal division and each initial therefore forms 
radial rows, new cells are added to the secondary xylem, and as a result of the 
secondary thickening the circumference of the xylem cylinder increases (Fahn, 1990, 
p.317). 
In softwood, the tracheids, ray cells, and parenchyma cells are the principal cells. 
Wood structure and ultrastructure have been studied and well described in several 
papers and books (Butterfield, 1993, Butterfield et aI, 1997, 2000; Butterfield and 
Meylan, 1980; Meylan and Butterfield, 1972, 1978; Patel, 1971; Donaldson et at, 1995; 
Kininmonth and Whitehouse, 1992). A block of wood shows three dimensions: cross, 
tangential, and radial. These three views have different structure faces and properties. 
Wood structure can be modified by tree growing conditions to form tension wood and 
compression wood whose cells are quite different compared with cells in normal wood. 
2.3 Vascular cambium activity 
Cambium activity is important to wood formation. The pattern of radial growth is 
related to the rate of the cambial activity. The process of division is faster than 
differentiation when the cambium first becomes active, as a result, the cambial zone 
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increases in width. When the rate of division reduces and the differentiation proceeds 
faster than division, the cambial zone becomes narrower (Fahn, 1990, p.321). The 
vascular cambium shows great variation in the period and intensity of activity. These 
variations are the results of many internal and external factors, such as apical meristem, 
season, temperature, and climate, etc. 
Cambial activity influencing by the apical meristem is reported by Farrar and Fan in 
1969. The cut surface of decapitated seedlings was treated with an auxin (IAA) or 
gibberellin or both. Examination 35 days after treatment showed that removal of the 
active shoot caused the cambial cells to stop dividing and the immature xylem cells to 
stop their differentiation. Auxin treatment resulted in continuation of cambial cell 
division and differentiation, but most of the xylem cells that matured were characterised 
by compression-wood features. The results supported the theory that cell division in the 
cambium is controlled by auxin emanating from the apical region, and that the 
subsequent differentiation of cambial derivatives is affected by both auxin and 
gibberellin, and probably other growth regulators. 
Seasonal variation influence on cambial activity and wood differentiation was 
investigated in 20 chir pines (Pinus roxburgin) growing under natural conditions near 
Paniola Chowk, Rawalakot Forest Division, Azad Kashmir from March to December 
1988. Samples were collected at 15-day intervals and studied for cambial activity and 
xylem cell formation. Cambial activity started in the middle of March, reached a peak 
at the end of July to mid-August and then declined and ceased at the end of November. 
The cambial zone showed marked periodical changes and became 3-4 layered during 
the dormant period and 7-10 layered during the active period. The rate of addition of 
new xylem cells dropped from the end of October onwards until the end of the growing 
season (Khattak and Majeed, 1993). 
Mitotic activity in the cambial zone of 20-yr-old Pinuse strobus trees was analysed 
quantitatively by Wilson (1966). Mitotic counts were made on serial tangential sections 
cut from 1620 increment cores collected at different positions on the stems. Seasonally, 
the number of mitosis increased rapidly with the initiation of cambial activity in the 
spring and summer and then declined (Figure 2.4). 
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Figure 2.4 Seasonal change in the number of mitosis per increment core in the 
fifth internode of five Pinus strobus trees. 
a) is at the initiation of cambial activity in spring. b) is at the cessation of cambial 
activity in the fall. Dotted lines indicate the range of sampling error (from Larson, 
1994, p. 147). 
Tree growth stress influenced on cambium activity reported by Larson in 1994. The 
cambium in compression wood side had a more active division than opposite one; as a 
result, the tree has an eccentricity growth. The characteristics of the compression wood 
side are having wider growth rings and the opposite wood having narrow growth rings 
(Figure 2.5). 
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Figure 2.5 Eccentric root growth of Cissampeios pareira (A) and stem of TWa 
heterophylla (B) in transverse sections. 
Note the wider growth rings of the compression wood side (upper) and the narrow 
growth rings of the opposite wood side (lower). (from Larson, 1994, p.445). 
2.4 Cambium quality and its wood cells 
Cambium quality can influence on its wood cell quality, that is, higher quality cambium 
produces higher quality wood cells, and the juvenile cambium produce shorter tracheids 
and the mature cambium produce longer tracheids. 
Wardrop (1948) reported that the application of external radial pressure upon growing 
conifer stems results in the differentiation of shorter tracheids with a flatter spiral 
microfibril angle than those differentiated in comparable regions of the stem but not 
subject to compression. It is suggested that the shorter tracheids arise as the result of an 
increased number of transverse divisions in the cambium. 
Bamber and Burley (1983) illustrated compression cambial initials and compression 
wood cells in radiata pine. These compression cambial initials and compression wood 
cells present abnormal shape by transverse view (Figure 2.6). 
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Figure 2.6 Transverse section of compression wood of radiata pine. 
The upper part of the micrograph shows the cambial region and the lower the fully 
developed compression wood tracheids. Note the rounded cell shape and the inter-
cellular spaces. x 500. (from Bamber and Burley, 1983, p.4S). 
From a comparison of cambial cells and their derivatives between naturally occurring 
dwarf pine trees and normal ones, growing in Chonbak Province, Korea, the results 
showed that tracheids in the annual rings of dwarf trees are shorter, narrower and fewer 
than those of normal trees. The frequency of anticlinal division and loss of cambial 
initials is low during differentiation of xylem cells from cambial initials in dwarf pines. 
Thus, it is concluded that the shortening of tracheids in dwarf trees is due to the fact that 
cambial initials are themselves shortened (Lim and Soh, 1997). 
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Part two: Review of literature on juvenile Wood properties 
2.5 Juvenile wood 
Wood near the pith is commonly referred to as "juvenile" or "corewood". Juvenile 
wood is a cylindrical column surrounding the pith of the tree. Its cells do not reach the 
length found in mature cells (Smith and Briggs, 1986) and most wood characteristics 
and properties are considered inferior to those found in mature wood or outerwood. 
The occurrence and importance of corewood in P. radiata in fast-grown plantations in 
New Zealand has been highlighted in a number of wood quality studies (Walker and 
Woollons, 1998; Butterfield and Pal, 1998; Cown et at., 1991; Cown, 1999). By 
convention the inner 10 growth rings are considered corewood, and on this basis 
corewood density is taken to be between 350 and 400 kg/m3 basic density, tracheid 
length to be between 1.5 to 2.5 mm long, and microfibril angle to lie between 45 and 25 
degrees. In practical terms Harris and Cown (1991) argue that "for sawn timber the 
most damaging features of corewood will be confined to the first 3-5 annual growth 
layers from the pith." This statement emphasises an important feature of corewood, 
namely that wood characteristics and properties are improving very rapidly on moving 
from the pith outwards, and that the rate of change (the improvement) is greatest near 
the pith and becomes more gradual as the outerwood region is approached. 
However, there is no definite line of demarcation between juvenile and mature wood. 
The duration of juvenile wood formation is influenced by genetics, environmental 
factors and the property being considered; and the boundary between juvenile and 
mature wood is often determined by the subjective judgement of the investigator (Zobel 
and Talbert, 1984). 
2.6 Juvenile wood features 
Features characterising juvenile wood include the following: wide growth rings, short 
tracheids, high spiral grain angle, large microfibril angle, a low percentage of latewood, 
thin cell walls, low density, high knot incidence, low transverse shrinkage, higher 
longitudinal shrinkage (Brown, 1971; Austin, 1988; Zobel, 1975). This is in 
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comparison with mature wood. Figure 2.7 summarises the major contrasts between 
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Figure 2.7 Wood quality is different in the corewood and in the outerwood 
(from Cown, 1992). 
The thesis looks at the worst possible corewood - the wood formed in the first 1-2 years 
of growth in a number of seedlings and in clonal stock. 
2.7 Juvenile wood quality/properties 
Juvenile wood quality is important in fast-grown softwood species as it occupies such a 
large proportion of the merchantable stern volume. Owing to its lower density, shorter 
tracheids, and larger microfibril angle, juvenile wood is recognised as being lower in 
stiffness (MOE) and strength (MOR) than mature wood. Several studies indicate that 
juvenile wood has a greater effect on stiffness than on strength (Bendtsen and Senft, 
1986; Bendtsen et aI., 1988; Addis Tsehaye et al., 1991; Walker and Butterfield, 1996; 
Butterfield, 1998; Walker and Nakada, 1999). 
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2.7.1 Wood quality variation 
Wood quality relates to the cumulative effect of the wood properties on some specified 
product or products, and it varies with tree age, species, and growth rate and site. 
Sometimes, in usage the term wood property and wood quality are used 
interchangeably. 
2.7.2 General 
Variations of wood quality can occur within a tree between growth rings and upward 
along the stems, between trees, and between the same species growing on different 
sites. Walker (1993), in a review of basic density, observed that the variations of basic 
density within a tree exemplified by the hard pines and medium- to high- density diffuse 
porous hardwoods have received particular attention as many important plantation 
species fall into these groups. 
Wood quality variability exists within growth rings and between growth rings of the 
trees. Preston (1974) explained that in juvenile wood, especially in the first and second 
growth rings, the secondary walls of cells are significantly thinner and the microfibril 
angle be significantly larger than of the cells in the mature wood. 
Wood quality varies upward along the stem in a tree. Walker (1993) stated that this 
variation is primarily a function of the proportion of coerwood up the height of the tree. 
He observed that basic density decreased and moisture contant increased on moving up 
the stem as the wood further up the stem have more corewood. 
Harris (1981) commented on the variations in wood quality between trees. He stated 
that the large variations between trees may be under genetic control (because the trees 
have different genotypes), and it is a source for improving wood quality by selective 
tree breeding. This thesis looks at very young material for evidence of significant 
genetic variation. Again, Dadswell et al. (1961) discussed the variations between 
radiata pine growing in Australia and New Zealand, noting that these variations result 
from two factors, that is, heredity and environment. Characteristics such as height, stem 
type, crown diameter and bark thickness can be improved by genetic selection. 
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Variations of wood quality also exist between growing sites (environmental effects). 
Zobel and van Buijetenen (1989) discussed the variations of wood density between 
populations of the same species (loblolly pine) growing on different sites of the United 
states showing in Table 2. 1. And then they make an important statement, namely that 
natural selection does not operate on averages but on extremes, ie. it is extreme frosts 
rather than the mean annual temperature that matters. Further they conclude that 
selection can be very effective from a large population, selecting the best trees from the 
best unrelated families to get trees having superior characteristics. 
Table 2.1 Variations of wood density in loblolly pine grown In the southeastern 
coastal plain of the United States. 
Tree grown location Specific gravity 
Central Florida 0.58 
Middle Georgia 0.54 
South Carolina 0.54 
North Carolina 0.53 
Virginia (South) 0.52 
Virginia (North) 0.47 
For structure timber, most wood scientists would consider stiffness and strength to be 
among the most important properties. These are concerned with the ability of wood to 
resist external forces and loads. 
2.7.3 Stiffness and strength 
2.7.3.1 Stiffness 
In order to define the terms stiffness and strength, it is necessary to understand the 
meaning of stress and strain (Gordon, 1973, p. 26 - 60). 
The stress is simply the load per unit area of material, that is to say: 
S=P I A 
Where, S = stress; P = load; A = area. 
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The strain is the amount of stretch under load per unit length of material, or the 
fractional change divided by the original length. 
e=l/L 
Where, e = strain; I = total amount of stretch; L = original total length. 
Stiffness (MOE, or, Young's modulus) in tension describes the elastic extension of the 
material: when the material is under load. The initial slope of the stress-strain diagram 
(or the load-extension diagram) is the elastic modulus or stiffness of that material. 
Stiffness = Initial stress /Initial strain 
The slope is taken to be the initial linear part of the stress-strain curve. In a tension test 
the elastic modulus is called Young's modulus. The calculation of the modulus of 
elasticity is more complex in a bending tests (see Walker 1993, p.329 - 336). 
The initial stiffness, flexible, or springy nature of a material, whether deflecting under a 
bending load or resisting buckling under a compressive load, can be related to the 
modulus of elasticity (Figure 2.8). 
2.7.3.2 Strength 
Strength is the force/unit area or stress needed to break a sample. That is, strength is 
defined in terms of the maximum force that the material sustains prior to failure. It 
expressed in terms of the force per unit area, or the stress. 
The strength of wood can be measured by testing in tension, in compression and in 
bending - as well as in other modes that are not discussed in this thesis. For example, 
the measurement of the maximum strength of wood in bending is called the modulus of 
rupture (MOR); and the maximum stress in compression parallel to the grain is called 
the maximum crushing strength (MCS). A piece of lumber is strong in one respect but 
weak in another (Gordon, 1973; Walker, 1993; Cown, 1999). Wood is three or four 
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Figure 2.8 A diagram shows when a material is under load, at first the relation 
between load and extension is linear and reversible. 
Under this condition (Figure 2.8) the ratio of stress to strain is modulus of elasticity 
(MOE). The maximum stress that the material sustains in tension is called the ultimate 
tensile stress. In a compression test maximum value would be the maximum crushing 
strength (MCS). 
2.7.3.3 Inferior quality of radiata pine corewood 
Addis Tsehaye et al. (1998) given the results of a study on radiata pine grown m 
Canterbury, New Zealand. The juvenile wood (corewood) had inferior quality 
compared with mature wood (outerwood). These results are shown in Table 2.2. 
Table 2.2 Clearwood stiffness (MOE) and wood characteristics of radiata pine 
(Pinus radiata) logs from a stand in Canterbury, New Zealand. 
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(For the high and low stiffness trees, further distinguished according to 
corewood and outerwood, after Addis et ai., 1998). 
Low stiffness trees High stiffness trees 
Corewood Outerwood Corewood outerwood 
MOE (GPa) 4.0 7.8 7.2 12.5 
Air dry density (kg/m3) 486 506 498 580 
MFA (degrees) 33.9 24.6 23.4 16.2 
Tracheid length (rrun) 1.9 3.1 3.0 3.5 
Cellulose (%) 40.0 43.3 43.5 45.0 
Lignin (%) 28.0 26.4 27.6 26.2 
In subsequent sections the literature will be reVIew wood properties including 
anatomical, physical, and mechanical properties that concerning the juvenile wood 
especially in radiata pine. The reasons for poor wood quality of corewood are 
discussed. 
2.8 Anatomical characteristics 
Anatomical properties to be reviewed include microfibril angle and tracheid length as 
they play major roles in determining the stiffness of juvenile wood from fast grown pine 
plantations. 
2.8.1 Microfibril angle 
The cellulose micro fibrils in the cell wall are laid down during the process of cell wall 
thickening prior to the deposition of lignin. The cell wall is finally composed of the 
framework substance (about 42% microfibrils) and matrix substances (about 30% lignin 
and 28% hemicelluloses, with mannans predominating in conifers) (Preston, 1974, 
p.276). The cellulose microfibrils are oriented at an angle to the longitudinal axis of the 
tracheid. Because the S2 layer is thicker than any other layer within the cell wall, its 
behaviour largely determines the properties of wood. Thus the term microfibril angle is 
taken to refer to the angle of the micro fibrils in the S2 layer. This angle is called the 
microfibril angle (MFA). It has a major influence on many of the physical and 
mechanical properties of the cell wall (Fig. 2.9). The microfibril angle is also a useful 
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indicator of the presence of compression wood in conifers, as compression wood cells 
have a large microfibril angle in the S2 layer (Cave and Walker, 1994; Walker and 
Butterfield, 1996; Butterfield, 1998). 
Figure 2.9 The structure of a wood cell wall 
ML-middle lamella, P- primary wall, S 1- first layer of secondary wall, S2- secondary 
layer of secondary wall, S3- third layer of secondary wall, Ht- helical thickening, W-
warts layer (when present) (from Butterfield and Meylan, 1980). 
Figure 2.9 shows schematic representation of the cell wall ultrastructure of a softwood 
tracheid, showing the orientation of the cellulose microfibrils in the various layers of the 
cell wall. 
Dadswell and Wardrop (1959) emphasised that the microfibril angle is important in 
determining the strength properties of individual fibres. There is a relationship 
between microfibril angle and the tensile strength of individual fibres, a small 
microfibril angle being related the high tensile strength. 
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Cave (1968, 1969) produced experimental data supported by theoretical analysis 
demonstrating that the microfibril angle has an enormous effect on wood properties, and 
in particular very strongly determines the stiffness of wood in the corewood. 
A workshop at Westport (Butterfield 1998) produced a large amount of evidence 
demonstrating that the microfibril angle in the S2 wall layer of the individual wood cells 
is one of the main determinants of stiffness in wood. A high microfibril angle results in 
low stiffness as well as resulting in high longitudinal shrinkage. Both effects are 
particularly relevant for fast grown plantation softwoods. 
2.8.1.1 Microfibril angle measurement 
Microfibril angle can be measured by a number of techniques: 
Direct by electron microscope observation of wall features 
Iodine crystal deposition angle (Bailey and Vestal, 1937) 
Angle of fibre pit inner aperture (Donaldon, 1991) 
Cell wall checking (Marts, 1955) 
Micro Raman spectroscopy (Pleasants et al., 1997) 
Polarised light extinction (Preston, 1952) 
Confocal microscopy (Vebelen and Stickens, 1995) 
X-ray diffraction (Cave, 1966; Preston, 1974) 
These techniques and their accuracy, reliability and easy of use are compared by Huang 
et al. (1998). Huang studied southern pine lumber, he estimated microfibril angles by 
some above methods and found the magnitude of variations can be ranked as Pit 
Aperture > Ultrasonic Checking > Iodine Staining > Polarised Light. Further he 
suggested the x-ray method was better than by other methods when measuring large 
numbers of samples. The X-ray diffraction technique requires that the microfibril angle 
be measured by iodine staining for calibration, the correlation between them IS, as 
expected, very good (r=0.96). 
The x-ray method for measuring microfibril angle was refined by Cave (1966), having 
being used since the 1930s. The angle measured using this method is called the Cave-T 
angle or angle T. The angle T is an indicator of microfibril angle and is not the same 
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thing as microfibril angle measured by iodine and other methods. However calibrations 
between these methods have carried out by some researchers. For radiata pine, Meylan 
(1967) calculated that the microfibril angle (iodine) = 0.612T + 0.843. It is now known 
that this equation does not fit all woods. MeGraw (1998) showed that MFA (iodine) = 
0.91T -10.71 for his loblolly pine samples. He also notes that MFA (iodine) = O.93T-
12.35 for earlywood and MFA (iodine) = 0.92T - 10.35 for latewood samples in this 
speCIes. 
2.8.1.2 Microfibril angle variation 
Microfibril angle is a variable wood property that is influenced by the position in the 
tree, age of tree, species, growth conditions etc. Juvenile wood has larger microfibril 
angles than mature wood (Donaldson, 1992, 1993; Butterfield and Pal, 1998; Dupont 
and Mariaux, 1988; Walker and Nakada, 1999). 
Addis Tsehaye et ai. (1998) reported that the corewood of radiata pine grO'wn m 
Canterbury of New Zealand had larger microfibril angle (33.9 and 23.4 degrees for low 
and high stiffness trees respectively) than outerwood (24.6 and 16.2 degrees for low and 
high stiffness trees respectively). The values are "true" microfibril angles corrected 
using Meylan's equation discussed in the previous section. 
Butterfield (unpublished data) has measured the microfibril angle in radiata pine from a 
dry, slow-growing stand on the Canterbury Plains. In normal wood (free of 
compression wood) he found that the mean microfibril angle in the earlywood 
decreased from 55 degrees in ring 5, to 45 degrees at ring 10, to 25 degrees at ring 15 
(these values are derived by the Cave-T method using x-ray diffraction). 
Kretschman and Bendtsen (1992) working with loblolly pme suggested that a 
segmented least-squares regression would best fit the microfibril angle-age relationship. 
Using their data and earlier work as a guide, a segmented least-squares regression was 


















Figure 2.10 Changes in microfibril angle with ring number. 
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Data derived from loblolly pine trees from the southern United States (after Kretschman 
and Bendtsen 1992). The plot graph indicates that the juvenile wood (age 1 to 5) has 
larger microfibril angle than mature wood (age 15 to 25), and microfibril angle 
decreases rapidly from ring 5 to 15 showing a transition period. Again these values are 
"true" values. 
Donaldson (1993) investigated the microfibril angle in five 22-yr-old Pinus radiata 
trees growing in the Kaingaroa Forest, New Zealand. The microfibril angle was 
measured for every growth ring at butt, breast height, and at 7, 12, 18, 23, and 30 m 
height. Mean micrfibril angles varied from 9° to 55° with the highest angles occurring 
in the juvenile wood of the butt log (Figure 2.5). The microfibril angle in any particular 
growth ring declined rapidly with height up the trees. As can be seen in Figure 2.5 the 
corewood has larger microfibril angle (18 to 36 degrees) than does the outerwood (15 to 
23 degrees) in all positions of the trees. The angles were measured through pit 
apertures and approximate to iodine ("true") values 
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Figure 2: Variation in volume-weighted microfibril angle for corewood 
(rings 1-10) and outerwood with height 
Figure 2.11 Microfibril angle varied with cambial age and height in the tree 
(above), and varied between trees (after Donaldson 1993). 
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Note tree 1 had smaller MFA in ring 1 and keep the smaller angle in later growth rings. 
This thesis is concerned with very young wood, so it is appropriate to consider the few 
references that have examined such material. 
Butterfield and Pal (1998) studied 3 year-old radiata pine clonal material grown in 
Canterbury of New Zealand. The results showed that the microfibril angle of these 
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young trees is large being around 60-80 degrees (Cave-T method) and varied between 
clones and the growth rings. 
Downes et al. (1990) measured 4-month-old radiata pIlle seedlings grown in a 
glasshouse in Australia. The microfibril angle was large being around 46 degrees 
(polarised light microscope), and there were no significant differences between 
treatments (straight and leaning seedlings). 
Further work by Downes et al. (1993) examined 2-yr-old radiata pine seedlings grown 
in Australia. The results indicated that these young trees had large microfibril angles 
being around 43 degrees (polarised light microscope), and the variations in MFA do not 
reach a statistically significant level between the four genetic sources and treatments 
(cuttings and seedlings, staked and unstaked). 
2.8.1.3 Microfibril angle effect on wood stiffness 
Previous work on microfibril angle has demonstrated that the microfibril angle is one of 
the main determinants of wood stiffness (Cave, 1968; 1969; Meylan and Probine, 1969; 
Butterfield and Hanna, 1994; Cave and Walker, 1994; Walker and Butterfield, 1996; 
Butterfield, 1998). In general, the lower the microfibril angle the greater the 
longitudinal/axial stiffness of the wood. The helical inclination of the cellulose 
microfibrils within the cell walls is analogous to the spiral inclination of wire in a 
stretched spring. Thus the stiffness of a piece of wood is determined largely by the 
microfibril angle and, again by analogy, just as a lazy spring can be easily stretched and 
fencing wire is very stiff and inextensible, so the stiffness of wood increases greatly 
(four or five fold) as the microfibril angle decreases from 40° (a lazy spring) to 10° 
(approximating to a taut fencing wire) (Walker & Nakada 1999). This analogy is not 
mathematically rigorous but is conceptually valid. 
Cave (1969) reported a fivefold increase in the stiffness of cell wall tissue in the 
earlywood of Pinus radiata as the microfibril angle decreased from 40 to 10 degrees 
(Fig. 2.12). This figure compares Cave's fundamental equation (describing the 




















Figure 2.12 Relationship between stiffness and microfibril angle (after Cave 1968). 
Similarly, Cowdrey and Preston (1966) observed a six-fold increase in the stiffness in 
the earlywood of Picea sitchensis as the microfibril angle decreased from 40 to 10 
degrees. 
It is important to consider both Figures 2.5 and 2.6. In very young wood the microfibril 
angle is expected to be large and when the microfibril angle is large it has little effect on 
the axial stiffness of wood. This thesis examines seedlings and young clonal plantlets 
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and Figures 2.11 and 2./2warn that correlations (if any) between microfibril angle and 
stiffness are likely to be weak. 
This warning applies to the study by Downes et al. (1993) on 2-yr-old Pinus radiata 
seedlings and cuttings from 4 genetic sources (GSHO, SAXSO, 1164, and 1181) grown 
on fertilised ex-pasture in New South Wales, Australia in 1990. However, a positive 
correlation of microfibril angle and stiffness (by 3 points bending of living stem) was 
evident. Again using glasshouse-grown very young material (Downes and Turvey 
1992) stiffness by bending was used in addition to stem lean and no such relationship 
was found. 
However, a study on 3-year-old clonal materials by Butterfield and Paul (1998), clearly 
identifies the role of microfibril angle to stiffness. The study results showed that the 
clone 3 was stiffer with smaller microfibril angle (about 60 degrees, Cave T) than clone 
9 (about 70 degrees) and clone 10 (about 78 degrees). 
A major problem facing the utilisation of New Zealand radiata pine is its low stiffness 
corewood. Identifying seedlings with a smaller microfibril angle should enable the 
selection of stock that will produce a superior wood, since microfibril angle plays a 
major role in wood stiffness and it only gets smaller with increasing distance from the 
stem centre. With this idea in mind, this thesis examines the microfibril angle in the 
first and second growth rings of a number of seedlings and clonal material. 
2.8.2 Tracheid length 
Tracheids are the principal cells of softwood (conifers) and comprise more than 90% of 
the total wood volume. Juvenile wood has shorter tracheids than does the mature wood. 
In mature wood, they are very long cells being about 3.5 mm in length and by 0.03 mm 
in width, and in juvenile wood they are between 0.8 and 2.5 mm long (Bamber and 
Burley, 1983). Tracheid length is an important property in determining wood quality 
particularly in tension parallel to the grain (Senft et aI., 1985). 
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2.8.2.1 Tracheid length variation 
Tracheid length is a variable property, and juvenile wood had short tracheids and 
mature wood had longer tracheids. 
Addis Tsehaye et al. (1998) reported that corewood of radiata pine grown Canterbury 
New Zealand had shorter tracheids (1.9 and 3.0 mm for low and high stiffness trees 
respectively) than the mature wood (3.1 and 3.5 mm for low and high stiffness trees 
respectively) . 
Cown (1975) and Cown et al. (1983) give typical data for New Zealand grown radiata 
pine. The tracheid length in mature wood is longer than juvenile wood, from 1.5 mm 
close to the pith Guvenile wood zone), to 3.5 to 4.0 mm at the outer growth layers 
(mature wood zone), to a little over 4 mm even into the outerwood of very old trees. 
Young et al. (1992) examined 25-yr-old radiata pine grown in Kaingaroa Forest in the 
central North Island of New Zealand. The mean within-tree tracheid length distribution 
values are given in Table 2.3. Note the very short tracheid length in the second ring at 
ground level. This is essentially the oldest material that will be examined in this thesis. 
Table 2.3 Mean tracheid length (mm) for radiata pine trees (after Young, 1992). 
Height Ring number from the pith 
(m) 2 5 10 15 20 
0 1.6 2.6 2.9 3.4 3.7 
6 2.1 2.8 3.6 4.2 
11 2.5 3.0 3.7 3.8 
16 2.2 3.0 3.8 
21 2.2 3.1 3.5 
26 2.7 3.0 
Tracheid length varies with region, elevation and site. Cown and Kibblewhite (1980) 
reported that tracheid length in radiata pine varies countrywide. They showed a gradual 
decrease in fibre length from the North to South of New Zealand. About 3.3mm (ring 
33 
15) to 4.1 mm (ring 45) in the North (Auckland) and 2.6 to 3.6 mm at same growth 
rings in the South (Canterbury). 
Tracheid length in other species shows similar variation pattern. In a study on 18 Pinus 
contorta trees from South and Central Finland carried out by Saranpaa (1985) the 
average tracheid length varied from 1.7 to 3.5 mm (shortest near pith). The diameter 
and cell wall thickness also increased with increasing distance from the pith. 
The tracheids are much shorter in young seedlings (generally less than 1 mm) than are 
found in even in juvenile wood of mature trees. Moore (1999) studied tracheid length 
on radiata pine seedlings and clonal plantlets. The results indicated that the tracheid 
length was highly variable within and between seedlings at all levels in the stem (root 
collar, and 20, 40 cm from ground). These young tracheids were very short being 
around 0.85 to 1.0 mm long that is shorter than the juvenile wood in mature trees. 
2.8.2.2 Influence of tracheid length on wood stiffness and strength 
Addis Tsehaye et al. (1998) report their study results on radiata trees that the high 
stiffness trees had longer tracheids (3.25 mm) and the low stiffness trees had shorter 
tracheids (2.5 mm). Tracheid length is strongly correlated to stiffness (r = 0.928), the 
longer the tracheids are the stiffer the wood. 
A study on sugi (Cryptomeria japonica) trees grown in Tottori Prefecture, western 
Japan, investigated tracheid length and the modulus of elasticity. The tracheid length 
was highly correlated with Young's modulus in compression and bending (MOE). The 
longer the tracheids are the higher the modulus (Furukawa and Ishtt, 1998). 
Tracheid length has long been considered an important property determining wood 
quality. Longer tracheids result in stronger wood (Bamber and Burley, 1983) and the 
shorter tracheids observed in faster grown conifers implying lower tensile strength 
(Senft et aI., 1985). 
Early work by Wardrop (1951) reported on the relationship between the breaking load 
in tension and tracheid length. The material that Wardrop worked with came from a 12 
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year-old radiata pine tree that had grown on a lean. This allowed him to collect samples 
from zones containing either only normal wood or only compression wood. The 
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Figure 2.13 A plot of breaking load against tracheid length (after Wardrop 1951) 
In Figure 2.13 it is clear that the tracheid length contributes to breaking load. It is 
significant that in the mature wood, a further increase of 1 mm increases the breaking 
load by 0.8 kg (a significant increase), but in the juvenile stage, an increase 1 rnrn only 
increases the breaking load by 0.3 kg. In paper making a fibre length of at least 2 mm is 
necessary to provide moderate strength. 
2.8.2.3 Tracheid length and microfibril angle 
Microfibril angle is observed to be inversely related to tracheid length (Wardrop and 
Dadswell, 1950; Wardrop, 1951; Addis Tshye et al., 1998; Xu-yourning et al., 1999). 
Addis Tsehaye et at. (1998) reported their study results on radiata pine that the tracheid 
length well relate to microfibril angle (Cave T). The correlation coefficient is - 0.897, 
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that is, the longer tracheids have smaller microfibril angles and the shorter tracheids 
have larger microfibril angles. 
Microfibril angle was measured in samples of wapa (Eperua spp.). Dupont and 
Mariaux (1988) found the increased microfibril angle corresponded with reduced fibre 
length. 
A study on microfibril angle and tracheid length on slash pine (Pinus elliottii) was 
carried out by Xu-youming et al. (1999). Wood samples were taken from 15 trees (17-
year-old) grown in 3 sites in Guangdong, China. Results showed that the sites were 
significantly influence on microfibril angle and tracheid length. The microfibril angle 
and tracheid length were linearly, negatively, and significantly correlated each other 
within a tree. 
2.9 Physical properties 
Of all physical properties of wood, density is a main factor affecting on wood strength 
and stiffness. Because of its importance, the wood density will be reviewed in this 
section. 
2.9.1 Density 
Wood density is a measure of the mass of wood substance per unit volume. It can be 
expressed in a number of ways which include green density (fresh wood weight/fresh 
wood volume in kg/m\ basic density (dry wood weight/green wood volume in kg/m3) 
and air-dry density (measured at 12 percent moisture content in wood). New Zealand 
radiata pine can be described as a medium density softwood having an overall basic 
density of around 400 - 420 kg /m3 (Walker, 1993; Cown et at., 1991; Cown, 1999). 
2.9.2 Density variation 
Density is a variable wood property affected by several factors, such as tree age, 
growing conditions, tree genotypes, and is thus subject to much variation (Harris, 1965). 
The density variations influence wood stiffness and strength, which produces different 
values at different tree positions, ages, and sites. 
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The variations of wood density have been extensively reviewed by Cown (1992, 1999). 
These studies indicated that the distinct difference in wood density across a single 
growth ring is primarily a response to seasonal climatic variations. The density 
variation across a growth ring - from earlywood to latewood - far exceeds the density 
variation between trees. 
The density variation from pith to bark is a significant feature in radiata pine. Cown 
and McConchie (1980) examined wood density variations in an old-crop stand of 
radiata grown in Kaingaroa Forest, New Zealand. The samples were taken at different 
heights up the stem for wood properties testing. The wood density increases from the 
centre of the stem outwards in all cases (Figure 2.14). At breast height the density 
increases from 386 kg/m3 close the pith to 480 kg/m3 in outerwood. Concerning the 
low density corewood, Cown and Mcconchie (1980) reports that there is little difference 
in quality between the corewood in the top parts and the corewood in the butt log which 
was formed in earlier years. 
Density variations up the stem have been investigated by a number of scientists. Cown 
and McConchie (1983) studied basic density on 12-year-old radiata pine from 
Kaingaroa Forest. The results showed that a drop in the mean density of 20 kg/m3 
between the butt and 3-metres height up the stem followed by a decrease of about 10 
kg/m3 for each further 3-metre height increment to the apex. 
o 350-400 kg/m~ 
RINGS ------
30 RINGS----
Figure 2.14 Density distribution within a tree showing a low density in the 
corewood which increases on going outward from the centre in the 
tree (from Cown and McConchie, 1980). 
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An extensive survey ofradiata pine throughout New Zealand reported by Cown (1974) 
showed that the wood density decreases with increasing latitude and altitude (Figure 
2.15). The figure clearly shows that the density decreases from the North (Auckland) to 
the South (Canterbury). Further the corewood had lower density than outerwood. 
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Figure 2.15 Wood density distribution in New Zealand radiata pine plantation 
forests (from Cown, 1974). 
An extensive survey of density in radiata pine (30-35yr) was carried out in New 
Zealand by Harris (1965), He showed that variations in corewood density were 
associated with 51 % of the variations in outerwood density, The correlation between 
corewood and outerwood density is not strong (r=0.7) but useful in practice. Again this 
work points to the opportunity for early selection of wood properties. 
The density is very low in young radiata pine seedlings. Downes et al. (1993) tested the 
density on 2-year-old radiata pine seedlings grown in Australia. The results showed 
these very young seedlings have very low densities being between 240 to 270 kg/m3. 
The statistical differences in density were not found between seedling sources (267, 
276, 237, and 257 kg/m3 for each family respectively) and between treatments (254, 
267,248, and 270 kg/m3 for unstaked, staked, cutting, and seedling respectively). 
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2.9.3 Density effects on wood stiffness and strength 
The literature dealing with the density of conifers shows density to be a major factor to 
determine wood quality (Walker, 1993; Mishiro and Eiji, 1997). 
Wood density and strength properties of radiata pine, grown on different sites in New 
Zealand, have been studied. A strong correlation was found between density of air-
dried wood and strength properties. Thus, wood density appears to be a good index of 
wood quality in radiata pine (Mishiro, 1984). 
Mishiro and Eiji (1997) reported on sample logs (from Cryptomeria japonica trees aged 
over 35 years old) that were collected from four sites in Honshu, Japan. A high linear 
correlation was found between air-dried density and stiffness in both mature and 
juvenile wood. 
Small samples of Caribbean pine (Pinus caribaea var. hondurensis) wood grown in 
Trinidad were measured for specific gravity, modulus of elasticity, and modulus of 
rupture in bending. Linear relations between specific gravity and mechanical properties 
were better for the outerwood than for the corewood. Corewood had weaker 
relationship between MOR and MOE (r = 0.22) than outerwood (r = 0.78) (Schneider et 
al., 1991). 
Pearson and Gilmore (1971) studied loblolly pine, the results for bolt log material 
indicated that modulus of rupture and modulus of elasticity were very strongly 
correlated with basic specific gravity, the correlation coefficients being 0.93 and 0.89 
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Figure 2.16 Modulus of elasticity at 12% moisture content vs. basic density from 
all samples except butt logs (from Pearson and Gilmore, 1971). 
Note that the MOE and density well related each other in both of juvenile and mature 
wood samples. 
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2.10 Mechanical properties 
The mechanical properties are important for assessment wood quality. For structure 
timber, the mechanical properties to measure might include stiffness (MOE), maximum 
strength (MOR), and maximum crushing stress (MCS) etc. 
2.10.1 Variation of mechanical properties 
The mechanical properties, like other wood properties, are variable properties as they 
affected by tree age, species, growing conditions, and as well as by wood 
characteristics, such as MFA, density, tracheid length that have been reviewed above. 
Juvenile wood is softer and weaker, whereas the mature wood is stiffer and stronger 
when compared to each other. 
Vertical variations of the mechanical properties m radiata pme were studied by 
Langlands (1938). The samples (20 x 20 mm clearwood) taken from different height 
(divided into five 2.4 m sections) of 33-year-old radiata pine trees. The results showed 
that bending strength was reduced by 2 to 5% from the 2.4 to 4.8 m section, and by 5% 
moving up from the 2.4 m to the 7.2 m section, and by 10% moving up to the 9.6 m the 
height of the tree. And the compression strength reduced about 19 to 22% up the tree. 
Tree growing location effecting on mechanical properties was examined by McAlister 
and Clark (1991). The bending properties of clearwood samples from juvenile and 
mature wood ofloblolly pine (P.taeda) in USA were measured. Samples were collected 
from three geographic locations (Dooly, Spadling, and Clark Country). The results 
indicated that the growth location was a significant factor effecting specific gravity, 
modulus of elasticity, and bending strength for both juvenile wood and mature wood. 
The samples from Dooly Country location were 50 to 80 % higher in stiffness and 15 to 
20% higher in bending strength than the samples from the other two geographic 
locations. 
Mechanical properties significantly varied with age. Koch (1966) first observed the 
poorer mechanical properties of juvenile wood in structural lumber. He observed that 
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with southern pine the veneer core studs had lower bending strength and stiffness than 
that expected for southern pine stud grade in general. 
Juvenile wood has a lower stiffness than mature wood. Addis Tsehaye et al. (1991) 
focussed on the properties of the poorest wood in the tree, ie boxed-pith lumber. They 
measured the bending and tensile strength of radiata pine from Nelson province, New 
Zealand. This with-pith juvenile wood was stronger but less stiff than expected when 
compared with the values in the design code (Table 2.4). 
Table 2.4 A comparison of strength and stiffness by tension with the design code 
(Standard Assocaition of Australia, 1998) (after Addis Tsehaye et al., 1991). 





















Walker and Nakada (1999) report on results for radiata pine grown in Canterbury (New 
Zealand) and on sugi (Cryptomeria japonica) trees grown in Japan respectively. 
Radiata pine corewood had lower stiffness (5.6 GPa) than the outerwood (10.2 GPa). 
And the corewood in sugi trees had lower stiffness (4.8 GPa) than outerwood (5.3 GPa). 
The poor mechanical properties of the southern pines, noted by Koch (1966), are a 
general feature of many species, particularly of pines. In the United States, several 
studies have been conducted on the properties of Douglas-fir and southern pine 
dimension lumber cut from plantations. In lumber cut from a 75-year-old Douglas-fir 
plantation, ultimate tensile strength (UTS) and modulus of elasticity (MOE) of 2 by 4s, 
(50 x 100 mm) composed entirely of juvenile wood were about 60 and 72%, 
respectively, of those properties of 2 by 4s lumber cut entirely from outerwood 
(Bendtsen 1988). 
David and Bendtsen (1992) reported the studied results on 28-year-old loblolly pine 
grown in the North Carolina, USA. The stiffness and strength decreased with 
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increasing amounts of juvenile wood. Average ultimate tensile stress and stiffness 
values of samples composed entirely of juvenile wood were from 45 to 63% of those 
samples composed entirely of mature wood. 
The study by Bendtsen and Senft (1986) is often quoted in the literature, partly because 
the article brought the issue of poor wood quality in corewood to the attention of 
American foresters. This article is discussed later in more detail as it contains important 
data on the relationship between microfibril angle and stiffness. Here, it provides a 
useful brief footnote that the problem of corewood is also observed in hardwoods, but 
the problem is far less acute. Their study was of plantation cottonwood (Populus 
deltoides) as well as ofloblolly pine. Average mechanical properties of juvenile wood 
ranged from 47 to 63% of those for mature wood in pine and from 62 to 79% in 
cottonwood. 
Early juvenile wood has distinctly poorer properties than juvenile wood that is formed a 
few years later. In a study on 8-years-old plantation Caribbean pine from Puerto Rico 
(Boone and Chudnoff, 1972), the specific gravity (density), bending stiffness, and 
strength of small clear specimens of plantation grown wood were less than 50% of the 
published values for virgin timber (largely outerwood) of the same species. In this 
study, differences between juvenile and mature wood were probably accented because 
the trees were very young. 
Concerning age influencing mechanical properties, Bendtsen and Senft (1986) 
concluded that the large change in mechanical properties with age apparently reflected 
the composite effect of increasing specific gravity, cell length, and microfibril angle. 
Downes et al. (1992) determined the mechanical properties on 2-year-old radiata pine 
seedlings grown in Australia and found both of stiffness (MOE) and strength (MOR) 
were low in these very young seedlings. No significant differences in stiffness and 
strength were found between seedling families and treatments (Table 2.5). 
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Table 2.5 The mechanical property means of 2-year-old radiata pine seedlings 
(after Downes et al. 1992). 
Seedling family Treatment 
Variable GSHO SAXSO 1164 1181 Un staked Staked Cutting Seed 
MOE (GPa) 0.60 0.51 0.44 0.57 0.59 0.40 0.50 0.55 
MOR(MPa) 16 16 12 15 16 14 14 16 
Bendtsen (1985) indicated that all research has demonstrated that juvenile wood is 
substantially lower in mechanical properties than is mature wood. Ratios of modulus of 
rupture (MOR) and stiffness (MOE) values for juvenile wood compared to those for 
mature wood ranged from 0.62 to 0.97, depending upon wood property, grade, and size. 
A large proportion of corewood in a member and its corresponding low stiffness and 
strength values may explain why the plantation wood generally does not meet the 
recommended design values. 
2.10.2 Relationship between stiffness and strength 
The relationships between stiffness and strength have been reported in a number of 
papers. Addis Tsehaye (1995) studied mechanical properties on 25-year-old radiata 
pine grown in Canterbury Plain, New Zealand. A linear correlation was found the 
modulus of elasticity (by bending) and tensile strength (r =0.57). 
Pearson and Gilmore (1971) studied on loblolly pine trees (bolts 5 feet long) grown 
North Carolina and found that the modulus of elasticity well correlated with the 
modulus of rupture (r = 0.91). 
Mishiro and Eiji (1997) reported that sample logs (from Cryptomeria japonica trees 
aged over 35 years old) were collected from four sites in Honshu, Japan. A high linear 
correlation was found between MOE and MOR, somewhat higher, than previously 
reported wood properties of sugi grown in Niigata. 
Butterfield and Pal (1998) studied on 3-year-old radiata pine clonal trees grown 
Canterbury, New Zealand. The modulus of elasticity (MOE) by compression and 
maximum crushing stress (MCS) were tested using Ixlx4 mm clear wood samples with 
straight grain. The MOE was significantly related to MCS (r = 0.604). 
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Part three: Compression wood properties 
2.11 Compression wood in soft woods 
The meristematic zone of leaning stems reacts to the resulting stress by producing 
abnormal wood known as reaction wood. In conifers this abnormal wood occurs on the 
lower side and is known as compression wood. Compression wood is a vital tissue in 
the gymnosperms (Timell, 1983), and has probably existed throughout the evolution of 
the conifers. 
Compression wood can be recognised visually by its darker colour. In its severest form 
compression wood is characterised by short tracheids of round shape, the loss of S3 
layer and thickening S2 layer with a large microfibril angle - relative to normal wood-
and intercellular spaces at the comers between cells (Huhrjanskaja, 1953; Fujita et at., 
1979). Other features include a higher lignin content (30% lignin in normal wood, and 
39% in compression wood) and lower cellulose content (50% in normal and 30% in 
compression wood), higher density, and high longitudinal and low transverse shrinkage 
when compared with normal wood (Senft et at., 1985; Chang and Duh, 1988). These 
characters greatly influence wood quality. The severity of the abnormalities is a 
function of the degree of lean (Boyd and Foster, 1974), but compression wood can be 
found when the lean is only a degree or so. 
Timell (1986) emphasised that many of the properties of compression wood are 
undesirable for both pulpwood and lumber. When lumber contains normal and 
compression wood, the high longitudinal shrinkage of compression wood causes severe 
warping, distortion and cross checking. This is the most serious problem in the 
utilisation of such sawn timber. 
Compression wood vanes from mild to severe and varies greatly with growth 
conditions, tree species, tree age, and individual tree. Most of the adverse 
characteristics of this type of compression wood are related to the more severe forms 
(Zobel and Buijtenen, 1989). Concerning compression wood classification, Burdon 
(1975) developed a useful practical method in his study on compression wood of 18 
clones of 12-year-old radiata pine trees from different sites (Gilenbervie, Whaka, 
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Gwavas, and Berwick) in New Zealand. The compression wood was classified into 5 
grades: (1) iflatewood is patchily opaque when viewed in thin section, (2) if latewood 
is generally opaque, (3) if latewood is opaque and earlywood is partly opaque, (4) if 
latewood and earlywood are generally opaque, (5) if latewood and earlywood are highly 
opaque. He considered grades 1 and 2 as mild and grades 3-5 as severe compression 
wood. 
2.12 Compression wood formation 
Compression wood formation is caused by environmental stress (Timell, 1986; Cote et 
aI., 1968), such as wind action (Burdon and Low, 1992), a leaning stem (Burdon, 1975), 
heavy branches, fast growth (Cown, 1974; Reader and Kurmes, 1996), and tree species. 
It is more common in corewood Guvenile wood) than outerwood (mature wood) (Brown 
1971; Harris, 1977), as young trees are lithe and easily bent, particularly in rapid growth 
materials (Timell, 1986; Zobel et aI., 1972). Burdon (1975) found it to comprise some 
30 - 45% of the wood in 12-year old radiata pine. 
Compression wood formation in radiata pine is caused mainly by wind. Burdon and 
Low (1992) reported on wood properties from 7 populations (5 native populations from 
California and 2 from New Zealand) in a Pinus radiata provenance-progeny trial in 
Kaingaroa Forest, New Zealand. Compression wood was most prevalent in the island 
populations, and least in those from mainland California. 
Heavy branches and growth rate are other factors contributing to compression wood 
formation. Downes and Turvey (1992) found that heavy branching of radiata pine 
seedlings has been associated with stem deformation on ex-pasture sites. It was 
suggested that strong leaders may result in lighter branching. Cown (1974) indicated 
that compression wood formation was related to the rate of growth after thinning; it was 
not associated with increased eccentricity in the stem but was probably a response to the 
changed environment, eg, increased auxin production or increased wind sway in the 
opened-up stands. 
47 
2.13 Variation of compression wood 
Amount of compression wood in the tree varies with tree age, stem position, species, 
and tree declination. Low (1964) studied the incidence of compression wood in 24- to 
40-year-old Scots pine plantations. Compression wood varied from 5.4% to 57.1 % of 
the merchantable volume. The prevailing wind appeared largely responsible for the 
initial development of stem inclination and consequent compression wood formation. 
Haught (1957) studied on compression wood variation in loblolly pine, determined the 
amount of compression wood and found that the compression wood varied from 6% in 
reasonably straight trees, 9.1 % in rather more crooked trees, and 67.1 % in a very 
crooked tree. Further study by Haught (1958) indicated that in loblolly pine (Pinus 
taeda) the compression wood was 42% in corewood and only 7% in mature wood. 
F ewer than 10% of trees examined were found to be free from compression wood. 
This work is matched by that of Bendtsen and Senft (1986) also working on loblolly 
pine. They recorded 35% compression wood in the early years, with a slight decrease in 
the percentage with ring number. 
In summary, juvenile wood has more compression wood than mature wood, thus Timell 
(1986, Vol. 2, p. 77) states that compression wood is found more frequently in the first 
few growth rings at centre near the pith. 
2.14 Compression wood properties 
Compression wood properties are particularly important in short rotation plantation 
conifers. For understanding compression wood properties, the microfibril angle, 
tracheid length, density, and stiffness in compression wood will be reviewed in 
following sections. For example, Dutoit (1963) found the compression wood ofradiata 
pine to be weaker than normal in all of its strength properties except hardness. He 
attributed these effects to its shorter tracheids, larger micrfibril angle, and higher 
density. 
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2.14.1 Microfibril angle and tracheid length of compression wood 
Microfibril angle in compression wood is larger being about 45 degrees and tracheids 
are shorter than normal wood (Wardrop, 1951; Kocon, 1990; Robert, 1998). 
Robert (1998) investigated the microfibril angle in a Norway spruce (Picea abies) wood 
sample containing normal and compression wood (by x-ray method). The result 
showed the microfibril angle was small in the normal wood zone, but increased 
dramatically in the compression wood zone, only to fall off gradually thereafter (Figure 
2.17). 
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Fig. 21. MFA profile for a sample of Picea abies containing 
compression wood. 
Figure 2.17 Microfibril angle in normal and compression wood areas of 
Picea abies. 
From Figure 2.17, it is clear that between about 13-16 mmthe tissue in a single growth 
ring is strongly compression wood, and that the severity of compression wood declines 
gradually thereafter for the next 4 growth rings (covering about 4 mm distance). The 
microfibril angle is small in normal wood zone, and then increases dramatically over a 
very short distance to the compression wood zone, to fall back gradually over the next 
four years. 
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Wardrop (1951) studied compression wood properties in first 12 growth rings of a 
leaning radiata pine tree, the normal wood and compression wood had different 
microfibril angles and tracheid lengths (Table 2.6). 
Table 2.6 Properties of normal wood and compression wood (from Wardrop, 1951). 
Growth Compression wood side oislern Normal wlXXl side of ~tem 
lint 
Ttacheid Microfibril Larewood Breaking Traeheid Microfibril Lalewood Breaking 
length angle hasic t¢lId length angle: basic load 
(mm) densi7- (g) (mm) dcnsitv (g) 
(kglm) (k&lm~ 
I 1.59 43 483 261 1.44 46 436 278 
2 1.77 489 400 1.75 462 356 
3 2.08 45 491 414 2.02 41 391 386 
4 2.18 42 531 340 2.30 31 452 336 
5 2.49 42 512 445 2.67 40 505 669 
6 2.48 568 5$2 3,02 54$ 961 
7 2.61 38 568 585 3.07 33 515 881 
8 2.90 611 780 3.32 S4S 1065 
9 3.10 33 694 an 3.36 30 630 1387 
10 3.24 633 1110 3.63 660 1615 
11 3.41 35 606 1139 :US 22 600 l238 
12 3.32 34 712 1073 3.$7 $SO 1075 
From Table 2.6, it is noted that in the ring 1, there was no difference in microfibril angle 
between compression wood and normal wood, but after ring 3, the microfibril angle 
clearly became smaller in normal wood than in compression wood. The microfibril 
angle decreased steadily from pith to cambium in both wood types. Tracheid length 
was longer in normal wood than compression wood after ring 3. The density was 
significantly higher in compression wood than in normal wood in all growth rings. 
Another study on tracheid length in normal and compression wood was reported by 
Ishengoma et al. in 1990. Twenty sample trees of 29-year-old Pinus patula from the 
Meru Project in Northern Tanzania were used to investigate tracheid length in normal 
and compression wood. The result showed that mean tracheid length of normal wood 
was 4.6 ± 0.3 mm while that of compression wood on the under side was 3.4 ± 0.2 mm; 
and tracheid length in compression wood was on average 35% shorter than in normal 
wood. 
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2.14.2 Density of compression wood 
Compression wood has a significantly higher density than normal wood (Shelbourne 
and Ritchie, 1968). Ishengoma et al. (1990) studied wood basic density in normal and 
compression wood of 29-year-old Pinus patula from the Meru Project in Northern 
Tanzania. The results showed the basic density for normal wood to be 425 kg/m3, while 
the compression wood on the under side was 474 kg/m3. The compression wood basic 
density was significantly greater (by 12%) than that of normal wood. 
The specific gravity of compression wood from conifer stems has been reviewed by 
Timell (1986, p.481). The density of compression wood in different species is different. 
The compression wood density is 40% heavier than normal wood in Pinus ponderosa, 
but in Pinus taeda, the difference is only 15%. Timell (1986, p. 479) reported that in 
Pinus radiata the air-dry specific gravity are higher in compression wood than in 
normal wood as reported by several researchers (Table 2.7). 
Table 2.7 Comparison of specific gravity (air-dry) between compression and 
normal wood in radiata pine (after Timell, 1986, p.479). 
Compression wood Normal wood Ratio References 
(kg/m3) (kg/m3) 
470 401 1.17 Dutoit,1963 
730 460 1.59 Kibblewhite, 1973 
358 357 1.00 Harris, 1977 
697 485 1.44 Nicholls, 1982 
It is noted from Table 2.7 that the compression and normal wood had same density 
(from Harris, 1977). Similarly, and contrary to many reports, Shelbourne and Ritchie 
(1968) did not find any relationship between amount of compression wood and specific 
gravity in l1-year-old loblolly pine. The range in values reported in Table 2.7 may 
reflect the severity of the compression wood studied. 
2.14.3 Stiffness and strength of compression wood 
Lower stiffness in compression wood has been reported by several authors (Timell, 
1986; Dhubhain et al., 1988). Structurally sized boards of Sitka spruce (Picea 
sitchensis) from County Tipperary, Irish Republic, containing compression wood were 
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machine graded and tested for stiffness (MOE) and bending strength (MOR). The 
results indicated that the stiffness in static bending of boards decreased as the 
percentage of compression wood increased. Compression wood did not appear to 
influence strength (MOR) or machine grade output. More worryingly, 70% of boards 
containing more than 10% compression wood ruptured in a brash manner in a 
preliminary test of 27 specimens, which indicates that such timber can fail under impact 
without warning (Dhubhain et al. 1988). 
Pechmann (1969) studied the formation of compression wood with examples (from 
Switzerland and south Germany) showing also the influence of provenance, sites, and 
forest association type. Data are reported on the variation in the modulus of elasticity 
for a Pseudotsuga menziesii stem (with a one-sided crown and paraboloidal cross-
section) and for a normal stem, showing abnormally low stiffness (MOE) values (at a 
given wood density) in the compression wood. 
The vibration method was used to estimate the dynamic modulus of elasticity (MOE) of 
compression wood of Pinus densiflora and the values were compared with those of 
static bending. Dynamic stiffness (and resonant frequency) of compression wood 
decreased, whereas that of normal wood increased, with an increase in specific gravity. 
There was a high correlation between dynamic and static stiffness values in both of 
compression wood and normal wood (Hong and Byeon, 1985). 
Wordrop (1951) measured the breaking load for thin microtomed sections against 
density for normal wood and compression wood samples of radiata pine. The 
compression wood had a lower failure load than the normal wood under same density 
(Figure 2.18). Wardrop (1951) interpreted the lower values in compression wood in 
terms of the larger microfibril angle and shorter tracheids relative to those found in 
normal wood. 
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Figure 2.18 A reinterpretation of Wardrop's data (adapted from Wardrop, 1951). 
Wood quality confines the breaking load within an envelope bounded by the lower 
juvenile wood/ compression wood line (short fibres and large microfibril angle) and the 
upper outerwood line (long fibres and small microfibril angle)(from Walker and 
Woollons, 1998). 
2.15 Properties of wood type (compression and opposite wood) 
There has been considerable discussion on the properties of wood formed on the 
opposite side of the stem to compression wood. Most people find that opposite wood is 
very similar to normal wood. For example, Timell (1973) reported that opposite wood 
has exactly the same lignin, cellulose, and hemicellulose content as the corresponding 
normal wood. However, Larson (1969) thought that opposite wood may not be normal 
because it sometimes has a higher cellulose and lower lignin content than normal wood. 
A different report by Nicholls (1982) suggested that opposite wood had slightly longer 
tracheids than normal wood. 
Compression and opposite wood properties have been studied on radiata pine trees by 
Nicholls (1982). His results are shown in Figure 2.19. 
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Figure 2.19 The variation in longtudinal and tangential shrinkage, average 
tracheid length, microfibrile angle and basic density of the side-
wood, compression wood, and opposite wood sectors of a disk from 
the butt of tree 52 (from Nicholls, 1982). 
From Figure 2.19, it is noted that all properties are very similar between wood types 
(compression- wood, opposite- wood, and side- wood) in ring 1 to ring 10, but beyond 
this point, there are obvious difference is between both normal and opposite wood 
compared to the compression wood. The compression wood had a higher density, 
larger microfibril angle, shorter tracheids, smaller transverse and larger longitudinal 
shrinkage than the other type woods. 
Young et at. (1970) undertook an extensive study on the properties of single fibres from 
the opposite wood and compression wood of British-grown Picea sitchensis. Three 
54 
pulping processes were used, namely two-stage sulfite, neutral sulfite, and kraft. 
Various properties of single pulp fibres are shown in Table 2.8. The compression wood 
fibres were shorter throughout and had a smaller diameter but a much thicker cell wall 
than fibres from normal wood. 
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Boyd and Foster (1974) studied on the properties of compression and opposite wood on 
radiata pine and obtained the following results (Table 2.9). 
Table 2.9 A comparison of properties between compression and opposite wood 
(after Boyd and Foster, 1974). 
MFA (degrees) 
Basic density (kg/m3) 









Contrary results on compression and opposite wood have got by some studies. The 
tracheid length of opposite and compression wood in loblolly pine branches was 
investigated by Taylor (1979). He measured relative density, growth rate, extractive 
content, and tracheid length from pith to bark and from insertion to the tip of loblolly 
pine branches. Variations within branches were noted and compared with variations in 
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the stem. The lower radius of branches contained a high proportion of compression 
wood. Hence, the wood samples from the lower radius had a higher density and wider 
growth rings than samples from the upper radius at all points along the branch. There 
were no significantly differences in tracheid length or extractive content between 
samples from the upper and lower radii of branches. 
Microfibril angle of the opposite and compression wood in Pinus radiata studied by 
Harris (1977). He examined microfibril angle in 8 year-old radiata pine selected from 
Kaingaroa Forest, New Zealand, and found no significant difference between 
compression wood and opposite wood within the same growth ring. 
A study by Wardrop and Dadswell (1950) using optical and X-ray methods examined 
microfibril angle and tracheid length in compression wood and relatively normal wood 
samples. The micrfibrils are inclined at a large angle to the longitudinal axis of the 
tracheid in compression wood. Such tracheids in Pinus radiata were shown to be 
appreciably shorter than would be the case if no compression wood were present.· It 
was suggested that comparisons between compression wood and normal wood should 
be made on material of the same tracheid length and microfibril organization. 
In this thesis, the wood properties will be examined in the seedlings from different 
seedlots and in clones under different treatments. These treatments include growing 
material on a lean to generate compression wood. 
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CHAPTER 3 
THE ONTOGENY OF THE VASCULAR CAMBIUM AND 
WOOD FORMATION IN PINUS RADIATA 
CLONAL PLANTLETS 
3.1 Introduction 
The origin and development of the pro cambium, interfascicular cambium, and vascular 
cambium have been studied in a number of plantlets (Butterfield, 1976; Soh, 1972, 
1974a, 1974b, 1991, 1992; Soh and Yang, 1987; Soh et aI, 1989). Larson (1982) and 
Soh (1990) have also produced excellent reviews on the subject. The procambium has 
its origin in the actively dividing and enlarging shoot apex and is the source of the 
primary vascular tissues. The fascicular cambium has direct ontogenetic continuity 
with the re~idual meristem (Siebers, 1971a, 1971b, 1972; Soh et aI., 1989; Soh, 1991, 
1992). The interfascicular cambium does not have ontogenetic continuity with the 
residual meristem, but differentiates from interfascicular parenchyma (Esau, 1977; 
Cutter, 1978; Buvat, 1989; Fahn, 1990). 
Structural differences between the procambium and cambium exist in many plantlets. 
Most of the end walls of the elongated pro cambial cells are essentially transverse, 
whereas the end walls of most fusiform cambial initials are tapered. The procambial 
cells elongate during the active internodal growth of the stem, whereas the lengths of 
the fusiform cambial initials remain relatively constant, increasing in length only with 
significant radial growth. Transverse divisions occur in the pro cambium but not in the 
cambium (Butterfield, 1975). 
The transition from procambium to cambium has been studied in a number of different 
plantlets. It is usually impossible to separate the procambium and cambium in young 
growing shoot tips. Therefore, the pro cambium and the cambium are best regarded as 
two developmental stages of the same meristem (Esau, 1965). Pinus radiata is now a 
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major forest plantletation species in many countries. Our current research programme is 
aimed at improving the quality of radiata pine log by selecting seedlings with superior 
wood qualities. In order to do this we need to understand more about wood 
development in radiata pine and in particular the effects of compression wood formation 
on corewood properties. 
Compression wood is a major problem in wood utilisation, both for pulp and lumber 
(Timell, 1986). Compression wood formation resulting from both internal and external 
stresses is well documented. These stresses include wind action (Burdon and Low, 
1992; Nicholls, 1982; Low, 1964), inclined stems, branches (Downes and Turvey, 
1992), differing growth rates (Cown, 1974), and all vary with tree species (Mitscherlich, 
1942). Haught (1957) reported that compression wood is more common in juvenile 
than in mature wood. Haught reported 42% compression wood by volume in juvenile 
wood (laid down during the first 8 years of growth) as against 7% compression wood in 
mature trees. In Loblolly pine, fewer than 10% of the trees examined were found to be 
free from compression wood. The compression wood also varied from 6 %. in 
reasonably straight trees to 9.1 % in more crooked trees and 67.1 % in a very crooked 
trees (Haught, 1958). 
The incidence of compression wood in radiata pine in New Zealand is not well known. 
There are few published results on wood formation and wood structure of very young 
plantlets. To understand how the wood is formed and how the wood structure is 
effected by treatments, plantletes of two clones were grown under three treatments for 
study. 
3.2 Materials and methods 
Radiata pine plantlets of two clones (nominally referred to as clones 8 and 31) were 
supplied by Fletcher Challenge, Ltd. Note, the term plantlet is used here to describe the 
material studied rather then the term seedling on account of the tissue culture origin of 
the material. The 50 mm high plantlets were established in a glasshouse and grown for 
8 months under 16 hours light at 25°C day and 18°C night temperatures. The plantlets 
were grown free (F), tied to vertical stakes (T), and tied to stakes at an angle of 45° (A). 
The heights, stem lengths and diameters of the plantlets were measured on the day of 
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harvest. 12 plantlets were selected for studying the tissue differentiation and wood 
properties. 6 of 12 plantlets (one plantlet for each clone and each treatment) were cut 
and fixed in formalin-acetic-alcohol, embedded and sectioned. Shoot tips were cut 
serially to examine the cambium ontogeny. Sections were also cut from lower 
internodes for wood anatomical study. Each plantlet was cut into stem lengths labelled 
base, stem 4, stem 3, stem 2, stem 1, tip 2, and tip 1. These lengths corresponded to the 
occurrence of the branch whorls. The percentage of pith, wood, compression wood, and 
cell wall area in normal and compression wood were recorded along with, and cell 
numbers per square mm in normal and compression on 10 J..lm thick transverse sections 
stained with Safranin and Fast Green. Observations were made under a microscope 
fitted with a high resolution video camera and digital images stored for later processing 
using MetaMorph (registered trade mark of Universal Imaging Corporation, USA). 
Analysis of variance was used for identifying statistical differences in variables between 
clones, treatments, and stem positions. Prior to statistical analysis, percentage data were 
transformed to arcsine data for normality of distribution according to the following 
fOlIDula: P' = arcsin(SQRT(P)), P is original data and P' is transformed data (Zar, 1999, 
p 278). However, data in the tables and graphs of this paper have not been transformed. 
3.3 Results 
3.3.1 Plantlet growth 
The mean height of the 12 plantlets on harvest was 774 mm and the mean diameter 9.6 
mm (Table 3.1). The clone 31 plantlets were taller (825 mm) and thicker on average 
(11.7 mm) than the clone 8 plantlets (723 mm in height, and 9.1 mm in diameter). The 
most striking difference in response to the three treatments was reflected in the axial 
growth of the plantlets (Figure 3.1). With those tied to stakes growing the taller (899 
mm) than those growing free (829 mm), while those tied to stakes and forced to grow at 
45 degrees showed the least axial growth (593 mm). The angled tied plantlets were 
therefore the shortest with the thinnest stems, while the vertical tied plantlets were the 
tallest with the next thinnest stems. 
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Table 3.1 The mean height and diameter of the 12 plantlets. 
Height (mm) Stelndialneter(lnln) 
Clone 8 723 9.1 
31 825 11.7 
Treatment Free 829 10.6 
Tied 593 9.5 
Angled 612.5 8.8 
Mean 774 9.6 
The heights and stem length of 12 plantlets from two clones 8 and 31 grown under three 
treatments (free, tied and angled) were shown in Figure 3.1, from which, the angled 
plantlets were much shorter and the tied plantlets taller than free grown ones. Note the 
difference in stem lengths is much clear at upper parts (from stem 2 to tip 1) than lower 
parts (base and stem 4). Clearly, the angled plantlets were shorter as their stem lengths 
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Figure The height of the eight month-old Pinus radiata clonal plantlets. 
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3.3.2 Differentiation and development of the vascular tissues 
Vascular tissues gradually differentiate as the growing shoot tip becomes further 
removed. Serial transverse sections behind the tip therefore reveal the processes of 
cambial ontogeny and vascular differentiation. 
Apical meristem 
The apical meristem is located at the tip of the stem and is covered by a number of 
enlarging leaves. Under the microscope, its cells varied in cell size, cell shape, pattern 
of division, and arrangement. No.1 of Plate 3.1 shows the pre-differentiation state of 
the vascular tissues in the apical meristem (M). 
Differentiation of the pith and cortex 
Increased cell vacuolation accompanies the differentiation of the cortex and pith, 
delimiting an approximately circular zone of section approximately 0.12 mm from the 
shoot top. The pith cells (P) are larger than those in the other areas (No.2 of Plate 3.2). 
Bundle trace and development 
As the pith differentiates, the procambial strands differentiate from the sub-meristem 
region approximately 0.5 mm from the shoot tip and separate the future pith and cortex. 
The strands are of different sizes and their cells generally smaller than those of the pith, 
cortex, and interprocambial sectors. 
The ongm of the procambial strands involves a number of subapical meristem 
parenchyma cells dividing both periclinally and anticlinally, the new cells forming 
groups of axially elongating cells. The procambial cells are derived from subapical 
meristem parenchyma cells which have in turn originated from the apical meristem 
cells. Interposed between the procambial strands are the interprocambial sectors (IS), 
often referred to as medullary or primary rays. The cells of the interprocambial sectors 
are larger than those in the procambial strands, and have a more homogeneous cell 
shape (No.3 of Plate 3.1). 
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Differentiation of protophloem and protoxylem 
With increasing distance from the shoot tip, the procambial strands form a broken 
cylinder surrounding the pith interrupted by the interprocambial sectors. The 
protophloem cells (PP) are the first to differentiate within the pro cambial strands 
followed soon after by the protoxylem (PX). The pro cambial cells (PC) exhibit radial 
seriation by 1.7 mm from the tip (No.4 of Plate 3.1). Some procambial cells 
differentiate into protoxylem cells to the inside of the procambium and acquire 
secondary walls. Most of the procambial strands have at least one or two protoxylem 
cells by a very early stage. The cells of the interprocambial sectors expand radially and 
the cell shape changes from round to radially elongated in transverse view (Figs. 2c and 
2d). These zones now form the primary medullary rays. 
Pro cambial strands to fascicular bundles 
During primary vascular differentiation, the procambial strands gradually transforms 
into fascicular bundles. Fascicular bundles are vascular strands containing primary 
xylem and phoem and some residual procambial meristematic cells. These 
meristematic cells divide and become transformed into the fascicular cambium (FC) as 
a result of repeated periclinal divisions. The interprocambial sectors become the 
interfascicular sectors as the bundles enlarge, and their cells continue to expand 
becoming radially elongated in transverse view. At approximately 2.5 mm from the 
shoot tip, the fascicular bundles contain three zones: the primary phloem (PP), 
fascicular cambium (FC), and primary xylem (PX) (No.1 of Plate 3.2). Some larger 
bundles contain more than 10 radial files of cells, whereas others are smaller and 
contain only one or a few files of cells. 
With development, the fascicular bundles increase in radial width by repeated periclinal 
division, and expand in tangential width by anticlinal division within the fascicular 
cambium. The interfascicular sectors remain homogenous in appearance, though the 
cells continue to increase in size. 
Initiation of the interfascicular cambium 
Initiation of the interfascicular cambium begins in the interfascicular parenchyma cells. 
The parenchyma cells of the interfascicular sectors are derived from the subapical 
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meristem parenchyma cells. Initially, the cells of the interfascicular sectors (IS) expand 
radially without division until activated to divide. These cells once activated, divide 
quickly by periclinal division and rapidly display cambial cell characteristics. With 
repeated periclinal and occasionally anticlinal division these cells become transformed 
into the interfascicular cambium. Transverse sections (No.2 of Plate 3.2) show that 
those cells adjoining the fascicular cambium (FC) show periclinal divisions first, 
whereas those not adjoining the fascicular cambium continue to expand without 
dividing. This results in some interfascicuclar periclinal divisions being delayed later 
than in the fascicular cambium. The new-formed interfascicular cambium connects 
with the fascicular cambium, resulting in the fascular cambium enlarging into the 
interfascicular zone. This process continues until the interfascicular sectors have been 
closed completely by the tangentially enlarging cambium. The developmental 
sequences suggest that the interfascicular cells do not divide periclinally until they are 
activated, possibly by their proximity to fascicular cambium. 
Fascicular cambium to vascular cambium 
The fascicular cambium gradually becomes transformed into a true vascular cambium 
through repeated periclinal and occasional anticlinal divisions. The developmental 
sequence shows that the fascicular cambium expands into the interfascicular zone 
merging with the newly forming interfascicular cambium. This occurs et all 
developmental stages from very early (in the procambium) to late stages (just before the 
cylinder of vascular cambium is completed). A few large cells of the interfascicular 
sector (IS) divide periclinally and the fascicular cambium connects together by 
approximately 11 mm from the shoot tip in the free and angled grown seedlings (No.1 
and 2 of Plate 3.3), and approximately 16 mm in the tied plantlets. After several 
periclinal and some anticlinal divisions, a complete vascular cambium (VC) is 
established by 16 mm from the shoot tip in the free and angled plantlets and by 
approximately 25 mm in the tied plantlets (No.1 of Plate 3.4). The cells of the 
pro cambium and interfascicular cambium can be distinguished in transverse sections 
from the adjoining interfascicular sector parenchyma cells et all developmental stages. 
Plate 3.5 shows a developmental sequence of the pro cambium which contained 1 to 2 
cambial cells at early stage, and then 3 to 4, and 4-6 before the fascicular cambium was 
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formed. Plate 3.6 shows a developmental sequence of the interfascicular sector cells, 
which keep growing , and not dividing until they were switched on by the fascicular 
cambium. 
Secondary growth 
Secondary growth is defined here as commencing when periclinal divisions occur in the 
last remaining interfascicular sector parenchyma cells. Secondary growth starts some 
distance from the tip of the plantlets. In the free and angled plantlets, radial growth is 
well developed within the fascicular bundles by 11 mm from the tip, and the last 
interfascicular cells begin dividing periclinally. By 16 mm from the tip the last 
interfascicular cambial cells have divided periclinally to produce several radial files of 
cells (No.1 of Plate 3.4). This transition occurred over a 5 mm vertical zone in the free 
and angled plantlets and a 8-10 mm zone in the tied seedlings. The onset of secondary 
growth is a gradual process best considered as a process that is continuous transition 
from primary to secondary growth. 
The results of observations on the initiation of secondary growth in the plantlets of 
clones 8 and 31 under the three treatments are summarised in Table 3.2. The onset of 
secondary growth was not influenced by clone in this study, but was strongly influenced 
by the treatment. 
Table 3.2 The onset of the secondary growth (mm from the shoot tip) in free 
grown (F), tied vertically (T), and tied at 45 degrees (A) radiata clone 
8 and 31 plantlets. 
First interfascicular cell 
periclinal divisions 
Complete cylinders of 
cambium established 
Transition length 
C8F C8T C8A C31F C31T C31A 
10.0 l3.3 12.2 12.0 20.0 12.5 
15.0 21.3 17.6 16.5 30.5 17.5 
5.0 8.0 5.4 4.5 10.5 5.0 
With secondary growth, secondary xylem and phloem cells are produced by the 
vascular cambium and form radial files of derivative cells. The secondary xylem 
establishes a well defined complete cylinder by about 30 mm from the shoot tip in the 
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free grown and angled plantlets, and by about 40 mm in the tied seedlings. By this 
stage the ray cells (R) are well developed and show marked radial elongation (No.2 of 
Plate 3.4). 
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4 . ~ ~ 
Plate 3.1. No. 1-4. The early development of the procambial strands - shoot tip down 
to 1.7 mm. 
No.1. The undifferentiated apical meristem (M) at the shoot tip. 
No.2. Pith cell (P) diferentiating in the centre of the axially expanding axis. 
No.3. Developing procambial strands (PS) separated by interprocambial sectors (IS). 
No.4. Differentiation of the procambial strands into protoxylem (PX), procambium 
(PC) and protophloem (PP) tissues 1.7 mm from the shoot tip. 
Plate 3.2. The closure of the interfascicular sectors 2.5 mm from the shoot tip. 
No.1. Enlarging vascular strands with well formed fascicular cambia (FC) 
showing radial seriation of recently divided cells. 
No.2. Radially stretched parenchyma cells of the interfacicular sectors (ISC). 
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Plate 3.3. The onset of secondary growth - 11 mm from the shoot tip. 
No.1. Interfascicular parenchyma cells (IS) separating the young vascular bundles 
with well developed fascicular cambia (FC). 
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No.2. Well developed bundles with active fascicular cambia (FC) separated by narrow 
interfascicular sectors (IS). 
Plate 3.4. The radially expanding vascular cambium - 16-30 mm from the shoot tip. 
No.1. The vascular cambium (VC) forms a complete cylinder about 16 mm from 
the shoot tip. 
No.2. The established vascular cambium (VC) 30 mm from the shoot tip is now 
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a multi seriate zone of periclinally dividing meristematic cells. Secondary xylem 
and phloem cells have differentiated on either side of the cambium and include 
well developed uniseriate rays (R). 
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Plate 3.5. No.1 - 4. An origin and developmental sequence of the procambium. 
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Plate 3.6. No. 1- 4. A developmental sequence of the interfascicular cells. 
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3.3.3 Wood formation 
Primary xylem and secondary xylem 
With the development, the primary xylem and secondary xylem cells were produced fro 
primary and secondary meristem respectively. Two types of xylem cells can be found 
in the base of the tip parts of plantlets. The secondary xylem cells are younger and 
shorter (less than 1 mm), and the primary xylem cells are older (mature) and longer 
(reaching about 2-3 mm or more). By maceration, the cell structure of the primary 
xylem appears elastic, and the piece of primary wood look like a bundle of elastics. 
Plate 3.7 shows a primary xylem cell (No.1) and its detail (No.2). Plate 3.8 shows a 
double chain structure of the primary xylem cell. The function of the long primary 
xylem cells probably is to aid the stem tip stiffness. 
Percent pith and wood 
With growth, the percent pith area declined along the stems from 16% at tip 1 to 0.1 % 
at the base. The decreasing patterns of percent pith are shown in Figure 3.2. 
The percentage of wood per cross section increased down the stems from 9% at tip 1 to 
61 % by the base (Figure 3.3). The percentage of wood was similar in both clones 
(approximately 54%) (Table 3,2). However, the plantlets had significantly different 
.~? 
percentages of wood depending on treatment (P = 0.051), with the angled (51.5%), free 
(55.4%) and tied (55.6%). As the pith diameters were similar with in all three 
treatments, these differences must be due to the angled plantlets having a thicker bark. 
The percent wood differed between stem positions (P = 0.000). Figure 3.3 shows each 
stem position had different amounts of wood with the base (59.7%), stem 4 (60.9%) and 
stem 3 (61.0%) having significantly more wood than stem 2 (52.5%) and stem 1 
(37.6%) respectively. Averaged over all the plantlets, the stems contained 2.9% pith and 
54.1 % wood, in which, 23.5 is normal wood, and 30.6% is compression wood. 
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Figure 3.2 The pattern of percent pith from base to tip: Vertical bars represent the 
standard errors. 
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Figure 3.3 The percent wood from the base to tip: Vertical bars represent the 
standard errors. 
73 
From Figure 3.2 and 3.3, the pith decreasing and the wood increasing showed contrary 
pattern, both of them presented relatively stable at the base, stem 4 and 3, and showed 
large changes from stem 3 to tip 1. This implies that the wood cells were dropped 
quickly from younger cambium at upper parts than older cambium at lower parts of the 
plantlets. 
Normal wood and compression wood 
Normal wood and compression wood can be easily separated under the light 
microscope. Normal wood has rectangular cells with thinner walls. Compression 
wood, on the other hand, has rounded tracheids with thicker walls and intercellular 
spaces. Plate 3.9 shows normal (1) and compression wood structure (2). 
Distribution of the compression wood 
The distribution of compression wood differed between the· free, tied, and angled 
plantlets (Plate 3.10). In the free grown plantlets, the compression wood formed regular 
arcs on different sides of the stem at differing heights. In the angled plantlets, the 
compression wood was formed a strong arc to the lower side. It was also noted that the 
compression wood in some area was severe and in some area was mild in both the free 
and angled plantlets. 
Percent compression wood 
The percent compression wood in clone 31 was slightly higher than in clone 8 (Figure 
3.4). Significant differences in percent compression wood existed between treatments 
(P = 0.000). The angled plantlets had more compression wood (49.1%), and the tied 
plantlets had less compression wood (14.5%) than the free ones (27.9%). Clearly, 
compression wood formation was strongly effected by the growth stresses. Figure 3.5 
shows the angled plantlets having higher percent compression wood than the free and 
tied plantlets et all stem heights. The stem 4 of the angled clones had the highest 
percent compression wood being about 65%. 
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From Figure 3.5, it is clear that amount of compression wood in the angled treatment 
was higher than in the free and tied treatments, especially at lower levels in the 
plantlets. 
Percent cell wall area in normal and compression wood 
The percent cell wall area was examined in normal and compression wood respectively. 
Normal wood had 26.4% and compression wood had 40.3% cell wall areas by cross 
section area. 
In normal wood area, the two clones had similar percent cell wall area being around 
26% on average (Table 3.~). It is noted that the angled plantlets had a higher cell wall 
area (28.2%) than the free (25.1 %) and tied ones (25.7%) in normal wood. This implies 
that the angled treatment not just influenced the cell walls in the compression wood and 
also in the normal (opposite) wood. 
In the compression wood, the two clones had similar cell wall areas, being about 40%. 
There was a significantly difference in percent cell wall area between treatments (P = 
0.000) in compression wood (Figure 3.7). The angled treatment had significantly higher 
(46.9%) and the tied plantlets had significantly lower percentage cell walls (34.3%) than 
the free ones (39.5%). These results clearly showed the angled plantlets having thicker 
cell wall in both normal and compression wood area than the free and tied plantlets. 
These results demonstrate that the percent cell wall area is strongly influenced by 
treatments. 
A significantly difference in percent cell wall area existed between stem positions (P= 
0.000) in normal wood. The base, stem 4, and stem 3 had significantly thicker cell 
walls (31.2%, 28.3%, and 25.9% respectively) than the stem 2 (23.8%) and stem 1 
(22.9%). Figure 3.6 presents the percent cell wall area of normal wood et all stem 
positions of the three treatment plantlets. It is noted that the cell wall area decreased in 
thickness from base to tip. It is also clear the angled plantlets had thicker cell walls in 
all stems in the normal wood. 
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Cell numbers/mm2 in normal and compression wood areas 
The cell numbers/mm2 differed in normal and compression wood. The normal wood 
had 2314.6 cells Imm2, and the compression wood had 2145.3 cells Imm2. 
In the normal wood, the two clones had similar cell numbers being about 2314 
cells/mm2 (Table 3}). There was a significant difference in the cell numbers/mm2 
between treatments (P = 0.001). The angled treatment had significantly m@re cells 
(2615 cells/mm2) than the free (2166 cells/mm2) and tied ones (2145 cells/mm2) (Figure 
3.8). 
In the compression wood, the two clones had cell numbers around 2145 cells/mm2. The 
angled treatment had significantly more cells (2474 cells/mm2} than the free (1932 
cells/mm2) and tied (2255 cells/mm2) ones (P = 0.047). These results can be seen in 
Figure 3.9. It is clear in Figure 3.8 and 3.9 that the angled plantlets had more cells in all 
stems than free and tied ones in both normal wood and compression wood. 
The cell numbers also different between stem positions (P = 0.046). The base had 
significantly more cells (2556 cells/mm2) than other stem positions. The cell numbers 
rapidly increased from the stem 1 to the tip in normal wood. It is suggests those cells in 
the tip have yet to reach their mature size. Fig. 3.9 also shows the compression wood 






-*-Tied \ 0 \ 
0 , 
- - -A- - - Angled 3: 
, 
30 . , 
res . \ E . \ 
~ 28 , 0 \ \ c: ~ 
..... 
0 26 . . 
16 _ ... ,,-"4. .. .A 
- "~ ... ~ 3: 24 .."..~. - - - - - - -A' - ~ ~~ 
Cl) , 
() 22 , \ ~ , ,/ 0 
..,. 
20 
Base Stem 4 Stem 3 Stem 2 Stem 1 Tip 2 Tip 1 
Position 
Figure 3.6 Percent cell wall area of the free, tied, and angled plantlets in 
the normal wood. 
"0 50 A~-- -- ~/j,..- - .. - - '"I4rr- ... - ... 11. 0 
0 
3: \ 
40 \ c: \ 
0 
, 
_ __.......Mo.... ...... , 
"en \ 
-*'"" ...... \ CJ) , 
Cl) 30 ~- I ~ 
0. I E , \ . 8 , 20 \ , ~Free , 
'0 \ \ 





- - -I!r -. Angled \ 
, 
10 , 3: \ I \ I I 
Cl) \ I I () , 
0 -A ~ 0 
Base Stem 4 Stem 3 Stem 2 Stem 1 Tip 2 Tip 1 
Position 
Figure 3.7 Percent cell wall area of the free, tied, and angled plantlets in 





- *" -lied 
, 
0 I . 0 
- - A- _. Angled , ~ ' * : I 
~ 3000 A / I ~ ~ , I ; 
'- -A . ~ , , I , , ~ I , 
'5 ... ... , I , , , , 
N '.&~ , - - ~ ·-A , J E 2500 
, 
, I , 
E ~ - , I , 
"'- I 
.!!l I 
Q) "- I 
() 2000 ...... 
...... *----J. 
Base Stem 4 Stem 3 Stem 2 Stem 1 Tip 2 Tip 1 
Position 
Figure 3.8 Cell numbers/mm2 of the free, tied, and angled plantlets in 
the normal wood 
"C At ~- - - ..,.. A- - - - - - -A - "' .... 
0 ...... ~ ~ -A- - - - • - -4 
0 / "-
...... -- ""*-, 
, 
~ I , ~/ \ 
I ~ 
, 
c 2000 \ I 0 \ I \ , "Ci) I , en \ \ I \ ~ \ , I I a. \ I E I \ \ 8 ..J. 
, 
\ \ 1000 , \ , "to- l 
0 \ l N 
-9-Free l \ , E , 
-* -lied \ , E , 
- - -6- - • Angled \ \ 
"'-
I 
.!!l \ " 
Ci3 0 () 
Base Stem 4 Stem 3 Stem 2 Stem 1 Tip 2 lip 1 
Position 
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the compression wood 
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The growing characteristics of the plantiets 
The plantlets growth characteristics are summarised in Table 3.2 and 3.3 respectively. 
Table 3.3 Comparison of variable means between clones, treatments, and stem 
positions. Different letters indicate means that are significantly different 
at 5% level. 
Pith Wood CW % Wall % Wall Cells/mm2 Cells/mm2 
(%) (%) (%) (NW) (CW) (NW) (CW) 
Clone 
8 2.8 (0.8) 53.0 27.8 26.9 39.2 2282.3 2182.7 
31 3.1 (0.9) 55.2 33.1 25.9 41.3 2344.7 2110.3 
Treatment 
free 3.5 (1.2) 55.4 a 27.9 b 25.1 39.5 b 2167.6 b 1923.4 b 
tied 2.3 (0.7) 55.6 a 14.5 c 25.7 34.3 c 2145.7 b 2015.2 b 
angled 3.1 (1.2) 51.5 b 49.1 a 28.2 46.9 a 2615.7 a 2475.0 a 
Position 
Stem 1 7.8 (0.9) a 37.6 c 22.5 22.9 c 40.9 2110.3 b 2167.1 
Stem 2 4.4 (0.5) b 52.5 b 31.0 23.8 c 39.3 2273.7 ab 2211.3 
Stem 3 1.3 (0.1) c 61.0 a 34.9 25.9 bc 41.3 2204.3 b 2173.4 
Stem 4 0.7 (0.2) c 60.9 a 36.9 28.3 ab 40.1 2455.5 ab 2383.8 
base (0.1) d 59.7 a 28.5 31.2 a 39.8 2552.6 a 1830.5 
Mean 2.9 54.1 30.6 26.4 40.3 2314.6 2145.3 
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Table 3.4 The growth characteristics in the stems of the plantlets. 
Stem Pith Wood NW CW % Cell wall Cells / rln.;i2 
Position % % % % NW CW NW CW 
Tip 1 15.9 8.8 8.8 0.0 23.1 3352 
Tip 2 14.8 18.9 18.9 0.0 22.1 2250 
Stem 1 7.8 37.6 15.1 22.5 22.9 40.9 2110 2167 
Stem 2 4.4 52.5 21.5 31.0 23.8 39.3 2274 2211 
Stem 3 1.3 61.0 26.0 34.9 25.9 41.3 2204 2173 
Stem 4 0.7 60.9 31.1 36.9 28.3 40.1 2456 2384 
Base 0.1 59.7 22.6 28.5 31.2 39.8 2552 18301 
Overall, the angled plantlets were shorter and thinner forming less wood and more 
compression wood with thicker cell walls. The tied plantlets were taller and thinner 
and contained more normal wood with thinner cell walls. The free grown plantlets were 
taller than the angled plantlets but shorter than the tied plantlets, and had thicker stems 




Plate 3.7 A primary xylem tracheid in low magnification (1) and in detail (2). 
20~m 
Plate 3.8 Primary xylem tracheids showing helical secondary thickening and 
intertracheid pit-pairs. 
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Plate 3.9. No.1 - 2. Transverse sections from the base of angled plantlet. 
No.1. Opposite wood. 
No.2. Compression wood. 
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Angled Free Tied 
4mm 
Plate 3.10. Cross sections through eight month-old Pinus radiata clonal plantlets. 





This study on Pinus radiata demonstrates the relationship between the procambium, 
and the fascicular, interfascicular, and vascular cambial and details their origin and 
development in this species. Clonal material was selected for this study as it forms part 
of a larger programme on the selection of clonal plantlets possessing stiffer wood 
properties. Plantlets were grown free, tied, and tied at an angle in order to establish the 
amount and distribution of compression wood within young plantlets grown under these 
treatments. The ontogeny of the cambium was studied in plantlets subjected to all three 
treatments in order to record possible differences in response to these treatments. 
The procambium in radiata clonal plantlets originates from the subapical meristem 
parenchyma cells, where periclinal division first produces procambial cells about 0.5 
mm from the shoot tip. After repeated periclinal division a cylinder of procambial 
strands forms. The occurrence of repeated periclinal divisions in the pro cambium has 
already been reported for a number ofplantlets (Esau, 1942, 1943; Sterling, 1946, 1947; 
Soh, 1972, 1974a, b; Fahn et al., 1972). Repeated periclinal divisions are a 
characteristic of cambial cells. 
The interfascicular cambium originates from interfascicular parenchyma cells which are 
derived from the subapical meristem. Interfascicular cambium formation is related to 
division in the fascicular cambium. Transverse sections showed that only those 
interfascicular cells adjacent to the fascicular cambium showed periclinal divisions, 
whereas those cells not adjoining the fascicular cambium continued radial expansion 
without division. Clearly, the periclinal division of the interfascicular cells is directly 
influenced by proximity to the fascicular cambium. These interfascicular cambial cells 
divide periclinally to form the interfascicular cambium. Many authors claim that the 
stimulus for the initiation of the interfascicular cambium arises in the fascicular 
cambium (Steeves and Sussex, 1972; Phillips, 1976). In addition, there is cytochemical 
evidence using the positive reaction to carboxylesterase that activity appears first in the 
cells adjacent to the vascular bundles and then spreads into the interfascicular tissue 
from both sides of the bundles (Rana and Gahan, 1983; Gahan, 1988). Furthermore, 
Gahan (1988) states that the signal for the initiation of the interfascicular cambium 
emanates from the adjacent fascicular cambium. In transverse sections of Ricinus 
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commnuis, periclinal cell division in the interfascicular region begins adjacent to the 
vascular bundles and advances across the interfascicular region (Soh, 1992). Such a 
division pattern has been commonly described in the older literature (Priestley, 1928; 
Esau, 1965; Fahn et al, 1972). 
The observations in this study on Pinus radiata indicate that both the procambium and 
interfascicular cambium originate from subapical meristem parenchyma. Periclinal 
division, however, occurs earlier in the pro cambium than in the interfascicular 
cambium. The most likely reason being that the interfascicular cells are activated by the 
fascicular cambium before dividing periclinally. Hence, periclinal division in the 
interfascicular cambium always occurs later than in the fascicular cambium. The 
fascicular cambial cells initially divided repeatedly periclinally and occasionally 
anticlinally to form the fascicular cambium, whereas the interfascicular parenchyma 
cells enlarged radially until they were activated presumably by the fascicular cambium 
after which they divided periclinally to form the interfascicular cambium. 
The procambium, fascicular cambium, interfascicular cambium are usually considered 
to be different developmental stages of the cambium that finally encircles the wood in 
trees. In radiata pine a clear relationship exists between the apical meristem, 
procambium, fascicular cambium, interfascicular cambium, and vascular cambium. 
Some reports suggest that the interfascicular cambium does not have ontogenetic 
continuity from the residual meristem, but differentiates from interfascicular 
parenchyma (Salisbury and Parke, 1964; Esau, 1977; Cutter, 1978; Buvat, 1989; Fahn, 
1990), whereas others claim that the interfascicular cambium shows ontogenetic 
continuity from the residual meristem (Siebers, 1971a, b; 1972; Soh, et aI, 1989; Soh, 
1991, 1992). The result of this study on Pinus radiata demonstrates that the 
interfascicular cambium originates from the interfascicular parenchyma which in turn is 
derived from the subapical meristem. This suggests that the vascular cambium may 
develop in a variety of ways in different species. This study on Pinus radiata further 




A full cylinder of vascular cambium in radiata pine seedlings was established between 
10 and 30 mm from the shoot tip. In this transition zone, the parenchyma cells of the 
last interfascicular sector began periclinal division and continued until the 
interfascicular cambium had closed off the interfascicular sector. 
Treatment influenced the first appearance of a complete cambium in the plantlets. The 
free and angled plantlets developed a complete cambium earlier than the tied plantlets. 
Compression wood formation 
Compression wood was found in all the plantlets in this study. Significant differences 
in percent compression wood between different plantlets reflected the growth stresses. 
The relationship between compression wood formation and growth stresses has been 
reported for wind action (Mitscherlich, 1942; Burdon an Low, 1992), stem lean 
(Nicholls, 1982), heavy branches (Downes, 1992), growth rate (Cown, 1974), and tree 
species. The results of this study confirm the results reported elsewhere. 
Wood structure 
Plantlet growth stresses can modify wood structure, wood cell walls and cell shape 
(Butterfield and Meylan, 1980; Bamber and Burley, 1983). Normal wood has normal 
cells with thinner cell walls, and compression wood has rounder cells with thicker cell 
walls. These results demonstrate the compression stress acting on wood structure. The 
compression wood distribution to the under side of angled plantlets was clearly caused 
by the force from the compression due to the plantlets being tied at 45 degrees. The 
distribution in free grown plantlets was probably caused by the branches. And mild 
distribution of the compassion wood in the tied plantlets indicates that the tied plantlets 
were not subject to the same when tied to vertical stakes. 
Percent cell wall area and cell numbers/mm2 
In general the cell wall shows a decreasing thickening from the base to tip. This trend 
can be clearly seen in the normal wood, but is less obvious in compression wood. The 
angled plantlets had much more cells and thicker walls in both normal and compression 
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wood areas than the free and tied plantlets. Clearly, the cell number and cell wall 
thickness can be modified by growth stress. 
3.5 Conclusions 
1 Cambial ontogeny m radiata pme IS a continuous process behind the apical 
meristem, with the subapical, procambial, fascicular, and interfascicular meristems 
forming a complete vascular cambium. 
2 The pro cambium originates from the subapical meristem parenchyma cells. And 
the interfascicular cambium originates from the interfascicular parenchyma cells. 
Interfascicular cambial development appears to be initiated by the fascicular 
cambium with the interfascicular cells nearest the bundles dividing first. 
3 The pith in decreased along the stems from 16% at the tip to 0.1 % by the base. The 
wood increased from 9% at the tip to 61 % at the base. Totally, in the stems, the 
pith occupied 2.9%, and wood is 54.3%, in which, 23.3% is normal wood, and 
31.0% is compression wood. Angled plantlets had significantly less wood (51.5%) 
than the free (55.4%) and tied (55.6%) plantlets. 
4 The formation of compression wood caused by the plantlet growth stress. The 
angled plantlets had significantly more compression wood (49.1 %), and the tied 
plantlets had significantly less compression wood (14.5%) than the free grown ones 
(27.9%). 
5 The compression wood had thicker cell walls (40.3%) than the normal wood 
(26.4%). The angled plantlets had more cells/mm2 and significantly thicker cell 
walls (46.9%) than the free (39.5%) and tied ones (34.3%) in compression wood 
area. 
6 The angled plantlets were shorter and thinner contained more compression wood 
with more cells/mm2 and thicker cell walls, and the tied plantlets were taller and 
thinner having less compression wood and thinner cell walls than the free ones. 
CHAPTER 4 




As mentioned in Chapter 1 and discussed in the literature review in Chapter 2 and 
studied in Chapter 3, it is known that the low stiffness radiata pine corewood contains 
some undesirable characteristics, including a large proportion of compression wood. To 
improve radiata pine corewood quality, it is important to know more about the 
corewood and compression wood properties, especially in very young trees. Radiata 
pine trees grown on the Canterbury Plains of New Zealand are subject to prevalent high 
wind growing conditions. In this Chapter, the 8-month-old clonal plantlets grown in a 
glasshouse under three treatments have been selected to study very young wood 
properties and compression wood properties, including tracheid length, density, 
stiffness by tension, cell numbers/mm2, and cell wall area. Different growmg 
conditions are applied to see how these influence the wood structure and properties. A 
number of issues are explored in this Chapter: 
a) Differences in wood properties between clones. Clones 8 and 31 were selected and 
planted in the same glasshouse (providing the same growing environment). Therefore 
any differences between the properties of the two clones should be under genetic 
control. 
b) Differences in wood properties between the three treatments. One treatment is to tie 
some plantlets of clone 8 and 31 vertically to stakes - called "tied" (T). The aim is to 
simulate growth without wind and to reduce the forces from the branches on the 
stemwood. The second treatment is to tie some plantlets of clones 8 and 31 to stakes at 
an angle of 45 degrees - called "angled" (A). The aim is to imitate growth subject to 
strong wind and generate relatively pure compression wood on the lower side of the 
stern. This permits the comparison of wood properties between opposite and 
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compression wood zones. The third treatment is free growth - called "free" (F). This 
is as a contrast to the tied and angled treatments. 
c) Difference in wood properties up the stem. As is well known, samples from 
different positions within a tree present different results as wood at the different 
positions was laid down at different times. This is especially important for 8-month-old 
plantlets. The base of these plantlets is 8-month-old, whereas the most of top parts 
differentiated from cambium very recently. To measure wood properties in different 
developmental stages, each plantlet divided into 5 stem positions from the top to the 
bottom. 
d) Differences in wood properties between compression, opposite, normal, and mixed 
wood samples. Compression, normal and opposite wood samples are obtained from the 
angled plantlets only. 
Regressions and correlations are used to search for relationships between wood 
properties. 
4.2 Materials and methods 
4.2.1 Materials 
50 mm tall plantlets of clones 8 and 31 were established in a glasshouse and grown for 8 
months with 16 hours daylight at 25°C and 18°C at night. Three treatments were used: 
free growth (F), tied to vertical stakes (T), and tied to stakes at an angle of 45° (A). The 
height, stem length and diameter of the plantlets were measured on the day of harvest. 
12 plantlets (two plantlets for each clone and each treatment) were selected for the study 
wood of properties. 6 of the 12 plantlets (one plantlet for each clone and each 
treatment) were cut at each internode into two parts. Part A of stem (see Figure 4.1), 
the shorter lower piece, is used to measure cell numbers/mm2 and cell wall area 
percentage. Part B of the stem from each plantlet together with the other six plantlets 
were stored dry in paper bags for later wood property testing. 
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4.2.2 Methods 
Each plantlet was cut into 5 parts and numbered from the top to bottom as "stem 
position 1 (top), 2, 3, 4, and 5 (base)" respectively. Thus the 12 plantlets were cut to 
give 60 stem blocks. Each stem position was sub-divided into the part A and part B. 
Every part A was immediately fixed in F.A.A. (formalin + acetic acid + alcohol) and 
sectioned for examination of percent wood, pith, normal wood, and compression wood 
in the stem cross section areas (as studied in Chapter 3). When examining sections for 
percent cell wall area and cell numbers per unit area the presence of compression in the 
section was also noted. Therefore, the cell numbers/mm2 and percent cell wall area 
were examined for compression and normal wood respectively for whole stem sections. 
Every part B was cut into 4 stick samples (quadrants) for wood property testing: 
Stiffness, density, and tracheid length was determined as shown in Figure 4.1. A total 
of240 samples were split from all part B from the 60 stem blocks of the 12 plantlets. 
4.2.2.1 Preparation of samples from the free, tied and angled plantlets 
Part B stem sections from the free, tied, and angled plantlets were cut into about 60 mm 
long blocks and then split into 4 stick samples removing the bark and pith. These 
samples were for stiffness testing. These stick samples have different cross-sectional 
dimensions because the stems had different diameters. The 160 stick samples from the 
free and tied plantlets contained some compression wood, but its distribution was highly 
variable. 
80 stick samples were split out from the angled plantlets. In order to compare wood 
properties between wood types, the compression, normal, mixed, and opposite wood 
samples were split from the angled plantlets which presented an eccentric stem pattern 
with the underside of these eccentric stems containing relatively pure compression 
wood. The compression wood samples were cut from underside of the stem. The 
opposite wood samples were from the upper side of the stems. Relatively pure normal 
wood samples came from the sidewood between compression and opposite wood, while 
mixed wood samples, also from sidewood quadrants, contained both normal and 
compression wood. 
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4.2.2.2 Equipment and testing procedure 
Stiffness (MOE) 
Stiffness was determined by tension testing usmg an Instron machine in an au-
conditioned room (humidity 60%, and temperature 200 e). The tensile testing machine 
was set up with a 50 mm span length between two grips. The sample in the jaws was in 
series with a load cell that measured the applied load. Before testing, the samples were 
conditioned for more than 24 hours to let the stick samples reach 12 % moisture 
content. The elongation (mm) observed on each sample was measured by an 
extensometer over a 25 mm span and recorded on a computer. The test result were 
automatically displayed on a computer screen and the modulus of elasticity value was 
calculated from this graph as shown in Figure 2.8. The modulus of elasticity for each 
sample was calculated from the following formula: 
MOE = stress / strain = (N / A) / (aL / L) 
Where: 
N = load; 
A = cross section area of stick sample; 
aL = change in length of stick sample; 
L = testing span length of stick sample. 
(12 % M.e.) 
Once the stress-strain plot had been obtained, then the modulus of elasticity was 
obtained by measuring the cross-sectional area of each sample. The stem stiffness was 
calculated from the area-weighted modulus of elasticity for each quadrant in that stem 
section. 
Density 
The unextracted air-dry density (at 12% M.e) was determined for each sample after 
modulus of elasticity testing. First a 25 mm length (span length) was cut from each 
sample. The weight, length, and average cross-sectional area - four cross-sections were 
measured for each sample - were measured in an air-conditioned room, and the density 
value for each stick was calculated by the following formula. 
Density = weight / L * A 
Where: 
L = length of stick sample, 
(12% M. C.) 
A = average cross-sectional area of the stick sample. 
Tracheid length 
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Macerations were prepared using a 1: 1 mixture of hydrogen peroxide and glacial acetic 
acid. 
Two small pieces of wood were taken from the locations 1 and 2 respectively (Figure 
4.1) from each stem quadrant and placed in the solution at 90° C for about 2 hours, then 
washed in water several times. One slide was made for each location: 2 slides for each 
stick sample. 25 intact tracheids were measured on each slide, 50 for each stick sample, 
200 for each stem section, and 1000 for each plantlet. In total, 12000 tracheids were 
measured using MetaMorph imaging system and software. 
Cell numbers per square mm and percent cell wall area 
Part A of the stems was fixed in F.A.A. (formalin + acetic acid + alcohol) immediately 
after harvesting for sectioning to determine cell numbers per unit area and percent cell 
wall area for whole stem cross-section. This examination was also carried out for 
compression wood and normal wood (including opposite wood) respectively. The 
dehydration of wood materials used T.B.A (tertiary butyl alcohol) and embedding in 
wax (paraffin) (Dickson, 1994). 10 /-lm thick sections were cut, mounted on slides, 
stained with Safranin and Fast Green, before examining under a microscope. The 
reason for using these stains is to distinguish between wood tissues. Safranin is specific 
for lignin, staining lignified secondary walls red. Differences in intensity of staining are 
due to differences in lignin content. Therefore, compression wood with higher lignin 
content was stained darker red. Fast green is specific for cellulose, but it was less 
successful as the red safranin dominates. The number of cells per square millimetre, 
and percent cell wall area were determined using standard image analysis techniques on 
a PC running MetaMorph imaging software. Ray cells and resin canals were eliminated 
from the cell counts by using size elimination filters. 
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The observation and calculation of cell numbers/mm2 and percent cell wall area in each 
view was calculated as follows: 
Cell numbers/mm2 = 2::(cell numbers/view area)/n (0.47 mm2 / view) 
% Cell wall area = 2::(% cell wall area/view)/n (0.47 mm2 / view) 
Where: 
n = number of views 
4.2.2.3 Data analysis 
This experiment is a three-factor experiment and split-plot design (Zar, 1999). Analysis 
of variance (AN OVA) was used to analyse differences in wood properties between 
clones, treatments, and positions up the stem, and between compression wood, opposite 
wood, mixed wood, and normal wood using the Minitab version 11 software. 
Correlation and regression analyses were also carried out to seek relationships between 
these young wood properties. 
Tin zone 
Stem 1 
Part 2 of stem 1 ~ 
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Density determination 
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Pmi 1 of stem 3 Cross section of stem 
Radiata pine clonal plantlet 
Figure 4.1 Sampling from 8 month-old radiata pine clonal plantlet. 
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4.3 Results for the angled plantlets 
The results from the four angled plantlets are considered first, to establish differences (if 
any) in the wood properties of compression wood, opposite wood, normal and mixed 
wood. Subsequently the wood properties of clones, treatments and stem positions for 
all plantlets will be compared (Section 4.4). 
As discussed earlier (Chapters 1 and 2), one of the objectives of this experiment was to 
identify and determine the anatomical, physical and mechanical properties of 
compression wood, opposite wood, mixed and normal wood respectively. This was 
possible by splitting the stemwood from the four angled plantlets into four quadrants 
according to wood types (Figure 4.2). Compression wood forms on the underside of the 
stem so compression wood samples were taken from this location. Opposite wood 
samples came from upper side of the stems. Whereas the side wood found in the 
quadrants separating the compression and opposite wood was classified into normal and 
mixed wood samples depending on whether it included some mild compression wood in 
addition to normal wood. As shown in Figure 4.2, the compression wood samples 
contained relatively pure compression wood, and the mixed wood samples had a 
variable amount of compression wood. 
4.3.1 Test samples 
The modulus of elasticity in tension (12% moisture content), density (12% moisture 
content) and tracheid length were obtained for all four quadrants. Cell numbers/mm2 
and percent cell wall area were only gathered for compression and opposite wood: these 
were calculated using Metamorph software after examination of the stem cross-section 
under the microscope. 
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Opposite wood 
Mixed wood Normal wood 
Compression wood 
Figure 4.2 Splitting the angled stem made isolation of the wood types possible. 
Where a side quadrant contained both normal and some compression wood, this 
material was classified as mixed wood. 
4.3.2 Wood properties of the four wood types 
The mean values for the modulus of elasticity, density, tracheid length for the four type 
wood samples and cell numbers/mm2 and percent cell wall area for compression and 
opposite wood samples in each position are given in Table 4.1. The results of analysis 
of variance (P values) for wood properties of the four wood types are given in Table 
4.2. Overall, the compression wood in each position is stiffer and denser with thicker 
cell walls than other type woods. The wood properties were weighted-average for each 
stem position according to each wood sample's stem cross-section area. The weighted-
means of wood properties for each stem position are given in Table 4.2. The results of 
analysis of variance (P values) for wood properties of stems are also summarised in 
Table 4.2. 
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Table 4.1 The means of wood properties for compression wood, opposite wood, 
mixed wood, and normal wood by stem position. 
""""" "",on """'" 
Stem 1 Stem 2 Stem 3 Stem 4 Base 
MOE (GPa) 
CW 1.00 1.80 1.30 2.70 2.44 
OpW 0.32 1.00 1.01 1.61 
MW 0.66 0.81 1.18 2.08 2.25 
NW 0.81 0.71 1.07 0.92 
Density (kg/m3) 
CW 485 568 631 613 614 
OpW 465 458 441 447 
MW 479 470 440 497 460 
NW 403 461 469 
Tracheid L. (mm) 
CW 0.92 0.98 0.87 0.83 0.93 
OpW 0.91 0.97 1.00 0.96 
MW 0.70 0.97 0.96 0.88 0.95 
Nw 0.88 1.08 0.96 0.94 
Cells/mm2 
CW 2396 2388 2548 2552 2491 
OpW 2237 2453 2513 2856 3020 
Cell wall area (%) 
CW 44.2 46.7 47.7 48.6 47.9 
OpW 23.3 25.0 26.7 32.5 33.6 
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Table 4.2 Means of modulus of elasticity, density, tracheid length, cell 
numbers/mm2, and percent cell wall area by wood type and position 












MOE Density Tracheid L. Cells/ Cell wall 
(Gpa) 
1.85 (0.23) 590 (11.7) 
1.15 (0.15) 451 (14.7) 
1.26 (0.19) 467 (16.4) 
0.88 (0.09) 473 (23.0) 
0.015 0.000 
0.76 (0.2) 479 (22.1) 
1.16 (0.2) 491 (19.3) 
1.15 (0.1) 504 (28.0) 
2.39 (0.4) 555 (19.3) 
1.85 (0.2) 513 (27.1) 
0.006 0.243 
(mm) mm2 
0.91 (0.02) 2475 (49.6) 




0.87 (0.04) 2316 (80.6) 
0.98 (0.03) 2420 (34.1) 
0.94 (0.02) 2531 (44.6) 
0.85 (0.03) 2704 (182) 












Table 4.2 shows that the modulus of elasticity, density, and cell wall area percentage 
were significantly different between wood types (P = 0.015, 0.000, and 0.000 
respectively); the modulus of elasticity significantly differs between stern positions (P = 
0.015). These differences in wood properties are considered in the following sections. 
4.3.2.1 Variations in stiffness between wood types 
The values for the modulus of elasticity differ significantly between the four wood types 
(P = 0.015). The average values for compression wood, opposite wood, mixed wood, 
and normal wood were 1.84, 1.15, 1.26, and 0.88 GPa respectively. Figure 4.3 shows 
how stiffness for these four wood types varies with stern position. 
From Figure 4.3, the compression wood had higher values of stiffness at all stem 
positions. The mean value of compression wood was 1.85 GPa, and for opposite wood 
was 1.15 GPa. The compression wood is 37% stiffer than the opposite wood. It is 
noted that the stiffness of compression wood had a big variation along the sterns. This 
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big variation of stiffness in compression wood suggested that these compression wood 
samples contained large variable amounts of severe compression wood cells and mild 
compression wood cells in both of the same stem positions and between stem positions. 
Vertical variations in stiffness 
Table 4.2 shows that the modulus of elasticity is effected by stem position (P = 0.006). 
Stiffness decreases up the stem, with the highest value for the modulus of elasticity 
occurring at stem position 4 (2.39 GPa). This is probably because stem 4 had a higher 
percent cell wall (40.5%) and density (555 kg/m3) than the other stems positions as the 
stem 4 contained more severe compression wood. 
4.3.2.2 Variations in density between wood types 
Density significantly differs between wood types (P = 0.000). The compression wood 
had the highest density (590.3 kg/m3) and the opposite wood had the lowest density 
(450.6 kg/m3) with mixed wood (466.5 kg/m3) and normal wood (473.1 kg/m3) 
intermediate between the two. These results are presented in Figure 4.4. Opposite 
wood had similar densities for all stem positions, whereas the density of compression 
wood varies greatly between stem positions. The base, stem 4 and stem 3 had higher 
densities and stem 1 had a lower density than the others as it is difficult to tie the 
inclined stem close to the growing tip and it could be argued that wood from position 1 
should be omitted from such analysis. As expected, the compression wood was denser 
than the other wood types, being 31 % denser than opposite wood and 25% denser than 
normal wood. 
The base and stem 4 and 3 positions had much higher density being around and over 
600 kg/m3. All values are puzzling as one would expect values around 350 kg/m3 for 
most wood types and perhaps values of 400 kg/m3 or somewhat greater in compression 
wood of such young stems. This problem is discussed later. 
4.3.2.3 Variations in tracheids length between wood types 
Tracheid lengths in these angled plantlets were very short, most of them were less than 
1 mm long. Tracheid length varied between wood types and stem positions. It is noted 
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that compression and mixed wood quadrants at position 4 had shorter tracheids than at 
other stem positions and suggests the stem 4 contained more severe compression wood. 
No significant differences in tracheid length existed between wood types and stem 
positions (Table 4.2). However as one would expect, there is a suggestion that the 
opposite and normal wood had slightly longer tracheids (about 0.96 mm) than the 
compression wood (about 0.91 mm) and mixed wood (0.92 mm). Figure 4.5 shows the 
tracheid length of compression and opposite wood in all stem positions. It is noted that 
the compression wood had shorter tracheids than opposite wood samples at the bottom 
of the plantlets, at the base, stem 4, and stem 3, where compression wood might be 
expected to be expressed most strongly. Probably the compression wood in these 
locations was severe, and the compression wood in the top parts was milder. It is 
difficult to tie the inclined stem close to the growing tip and it could be argued that 
wood from position 1 should be omitted from such analysis. 
4.3.2.4 Variation in cell numbers/mm2 
Cell numbers/mm2 varied in both compression and opposite wood. Cell numbers/mm2 
decreased with height up the stem in the opposite wood and this is matched by a 
reduced percent cell wall. The same trends are seen in compression wood although this 
effect is less regular. 
No significant difference in cell numbers/mm2 was observed between wood types and 
stem positions. However, Figure 4.6 shows that opposite wood had more cells/mm2 
than the compression wood at the base and stem 4. It is suggested that at the base and 
stem 4 the compression wood cells were more rounded resulting in less cell numbers in 
per millimetre square. 
4.3.2.5 Variation in percent cell waH area between wood types 
The percent cell wall area was significantly different between compression and opposite 
wood (P = 0.000) with compression wood having a higher percent cell wall area 
(47.0%) compared to that for opposite wood (28.2%). As expected, compression wood 
had much thicker cell walls than opposite wood (Table 4.2). This result can be seen in 
Figure 4.7, with the compression wood displaying a higher percent cell wall area than 
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opposite wood in all stern positions. Another characteristics is that the compression 
wood had almost equal percent cell wall area from stern 1 to base, whereas the percent 
cell wall area of opposite wood showed an increasing trend from stern 1 to base. 
Overall, the compression wood is superior to other type woods in stiffness, density and 
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Figure 4.3 Modulus of elasticity for compression, opposite, normal, and mixed 
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Figure 4.4 The density of compression, opposite, normal, and mixed wood: 

















"t-" -,. -,. ............ 
" -
" ----
-M- Opposite wood - ...... t 
-e- Compression wood 
Stem 2 Stem 3 Stem 4 Base 
Position 
Figure 4.5 Tracheid length of compression and opposite wood: 
vertical lines represent standard errors. 
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Figure 4.6 Cell numbers/mm2 in compression and opposite wood: 
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Figure 4.7 Percent cell wall area of com pression wood and opposite wood: 
vertical lines represent standard errors. 
4.3.3 Influence of angled clones on wood properties 
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Wood properties for the four wood types of the two angled clones are summarised in 
Table 4.3 and 4.4, respectively. There is a lot of noise in the data. In general, for the 
angled plantlets of clone 8 (Table 4.3) the modulus of elasticity, density, cell 
numbers/mln2 and wall area decreased up the plantlets. Overall compression wood had 
higher stiffness values and densities in all stems compared with other wood types. With 
clone 31 (Table 4.4) similar results were obtained. 
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Table 4.3 Property means for compression wood, opposite wood, normal wood 
and mixed wood according to stem position in the angled done 8. 
Wood type Stem 1 Stem 2 Stem 3 Stem 4 Base 
MOE CW 1.28 1.57 1.95 3.48 2.83 
(GPa) OpW 1.05 0.83 2.04 
MW 0.66 0.93 1.13 2.22 
NW 1.01 
Density CW 488 589 645 609 596 
(kg/m3) OpW 458 455 482 
MW 479 493 424 426 
NW 487 
Tracheid CW 0.88 1.00 0.89 0.88 0.90 
length. OpW 0.85 1.06 1.03 0.96 
(mm) MW 0.89 0.96 0.92 
NW 0.99 
Cells/ CW 2482 2352 2652 2652 2727 
mm
2 OpW 2099 2394 2537 3233 3261 
Cell wall CW 37.9 42.6 41.9 41.7 46.5 
area (%) OpW 19.9 23.4 24.2 35.1 35.1 
Table 4.4 The property means for compression wood, opposite wood, 
normal wood and mixed wood according to stem position in 
the angled done 31. 
Stem 1 Stem 2 Stem 3 Stem 4 Base 
MOE CW 0.72 2.02 0.65 1.93 2.05 
(GPa) OpW 0.32 0.94 1.10 1.19 
MW 0.69 1.30 1.94 2.25 
NW 0.81 0.71 1.09 0.92 
Density CW 482 546 617 617 632 
(kg/m3) OpW 465 458 435 412 
MW 446 474 567 460 
NW 403 448 469 
Tracheid CW 0.95 0.95 0.86 0.78 0.95 
length. OpW 0.97 0.88 0.98 0.95 
(mm) MW 0.70 0.88 0.95 0.83 0.95 
NW 0.88 1.08 0.94 0.94 
Cells/ CW 2310 2423 2445 2453 2255 
mm
2 OpW 2375 2513 2489 2479 2779 
Cell wall CW 50.5 50.7 53.4 55.5 49.2 
area 26.7 26.5 29.2 29.9 32.0 
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Variations in wood properties between angled clones 
The mean values for the wood properties of two angled clones are summarised in Table 
4.5. Only 2 angled plantlets were tested for each clone, so an analysis of variance was 
not performed to determine the potentially significant differences in wood properties. 
Table 4.5 Wood properties, weighted average for cross section, at aU heights up 
the stem for 4 angled plantlets. Standard errors are shown in parentheses. 
Clone MOE Density Tracheid L. Cells Cell wall 
(GPa) (kg/m3) (mm) (mm2) area (%) 
8 1.63 (0.58) 581 (18.7) 0.86 (0.15) 2817 (118) 37.8 (3.9) 
31 1.47 (0.18) 538 (5.1) 0.91 (0.03) 2464 (56) 42.9 (5.9) 
From Table 4.5, the angled clone 8 was superior than angled clone 31 in modulus of 
elasticity, density and cell numbers/mm2. There are inconsistencies in that clone 8 had 
a higher density but lower cell wall area than clone 31. However, clone 8 had more 
cells per square millimetre than clone 31. 
4.3.4 Statistical relationships between wood properties of wood types 
A correlation analysis performed between wood properties of the four wood types. The 
results are given in Table 4.6. Note, the relationships between cell numbers/mm2 and 
percent cell wall area with other wood properties will be analysed later as they were just 
examined for compression and opposite wood. 
Table 4.6 Correlation analyses for stiffness, density, and tracheid length in 
angled clonal plantlets. 
MOE - Density 
MOE - Tracheid length 
Density - Tracheid length 









There was a significant correlation between stiffness and density in angled clones (r = 
0.528***). The data for stiffness against density in each wood type samples were 
plotted in Figure 4.8. The regression equation is: 
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MOE = - 1.06 + 0.00488 density 
Figure 4.8 shows a modest relationship between stiffness and density; the greater the 
density, the higher the stiffness. The compression wood samples had a higher density 
and stiffness than the other wood types, but their stiffness values are extraordinarily 
variable. 
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Figure 4.8 Relationship between MOE and density for various wood types. 
From Figure 4.8, the plotted points of the compression wood samples showed a wide 
scatter in stiffness values for similar density. These compression wood samples may 
have varying amounts of compression wood tissue, therefore, each compression wood 
sample may have different characteristics, such as, different tracheid length and 
microfibril angle (Appendix 5). Pearson and Gilmore (1971) reported results 011 
relationship between stiffness and density in juvenile wood of lobllolly pine. Their plot 
points for specimens from butt logs showed a very wide dispersion of stiffness for 




Compression wood having thick cell walls, high density, shorter tracheids, larger 
microfibril angle, and lower stiffness are well known in mature trees (Timell, 1986; 
Robert, 1998). In this study, similar results were obtained. The compression wood had 
thicker cell walls, higher density, and severe compression wood had less cell numbers 
and shorter tracheids when compared to other wood types. 
There was a difference to be found that some compression wood had a higher stiffness 
than other type woods. This is a contrary result compared to the compression wood in 
the mature trees. The relationship between stiffness and density indicated that the 
higher stiffness accompanied with bigger density. Accordingly this suggests that the 
contribution of the density to stiffness was more important than the very short tracheids 
in these very young compression wood tissues. It is noted from Table 4.2 that 
compression wood, opposite wood, mixed wood and normal wood all had very short 
tracheids and with similar lengths (0.91, 0.96, 0.92, and 0.96 mm respectively), whereas 
the densities of these wood types were significantly different (590, 451, 467, and 473 
kg/m3, respectively). It is suggested that compression wood had a higher stiffness as it 
had a higher density. 
The behaviour of other type woods in this study was similar to those in mature trees. 
Timell (1986) states " in many respects normal conifer wood can be regarded as a 
transition form between opposite wood and compression wood". Harris (1977) 
observed that opposite wood generally exhibits normal characteristics other than a 
relatively slow rate of growth. In this study, side wood (mixed and normal wood) also 
presented intermediate values between compression and opposite wood for most of 
wood properties, but with values closer to that for opposite wood. On the other hand, 
several researchers (Timell, 1973, for referece) have observed slightly longer tracheids 
in opposite wood compared to normal wood and suggested that opposite wood has a 
slight tendency to the properties of tension wood. In this study, the opposite wood had 
a same tracheid length as normal wood. 
The compression, opposite, mixed and normal wood had densities being 590 kg/m3, 451 
kg/m3, 467 kg/m3, and 473 kg/m3 respectively. These values are much higher than the 
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results reported by Addis (1995) on 25-year-old radiata pine trees where the density of 
the compression wood was 452 kg/m3 and opposite was 434 kg/m3. He suggested the 
compression wood studied by him was mild. Maybe the greater density obtained from 
the young angled clonal plantlets is due their being grown tilted at 45 degrees resulting 
in severe compression wood. Austin (1988) examined specific gravity on 20-year-old 
slash pine in the USA, and found that the butt logs was 7% higher in specific gravity 
and 8% higher in modulus of elasticity. 
The tracheid length of opposite wood is longer than in compression wood at the base, 
stem 4 and 3 positions. The stem sections near the base of the plantlets showed more 
compression wood and accordingly had a higher percentage of rounded cells. The 
compression wood cells in these parts were much shorter and with very thicker cell 
walls. Nicholls (1982) reported that the compression wood formation is more intense 
in the former than in the latter. The stem position 4 was subjected to more bending 
stresses than other parts of the stem. It is suggested that because the wood at stem 4 
displays a higher stiffness, thicker cell walls, greater density, and shorter tracheids due 
to cells being formed under a severe stress for a longer time so forming lmore severe 
compression wood. 
It is suggested that influence of auxin induced in the leaning stems is most noticeable 
away from the axial tip of the plantlet (which is more likely to be less restrained and 
closer to the vertical). Both this and the severity of the lean at the base of the stem 
accounts for more severe expression of compression wood formation. 
The positive relationship between stiffness and density demonstrated that density is a 
good contributor to stiffness, or, is a useful predictor for stiffness in the angled clonal 
plantlets. Such a relationship would be expected and has been shown for mature 
loblolly pine by Pearson and Gilmore (1971). 
This study sought to determine in some detail the variations in wood properties within 
very small plantlets by splitting the thin stems along the grain into four quadrants. The 
variations of some measurements look quite big. Some reasons might be as follows. 
Firstly, the angled plantlets had a green stem diameter of about 8.8 mm (including pith 
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and bark) being about 6 mm at stem 1 and 12 mm at the base. After air-drying, these 
plantlets were thinner and then split into four quadrants: compression, opposite, mixed, 
and normal wood. The compression wood samples contained variable amounts of 
severe and mild compression wood cells and some normal wood cells (Plate 3.10). As 
these samples were very thin small differences in severe compression wood cell content 
can result in clear differences in wood properties. These compression wood samples 
had different amounts of severe compression wood cells. Therefore resulting in large 
variations in wood properties (Figure 4.8). Also, the irregular dimensions of the split 
samples probably influenced the measurement accuracy for cross-section area and so 
also the estimate of the volume of the samples that is needed for the stiffness and 
density values. This is a major influence on experimental error. However, as would be 
anticipated most compression wood properties were different from opposite and side 
wood, reflecting its stiffness and density. 
4.3.6 Conclusions 
The main results of this study are summarised as follows: 
1 Compression wood had significantly higher percent cell wall area, density, and 
stiffness than the opposite, mixed, and normal wood. Severe compression wood 
contained fewer cells/mm2 and shorter tracheids. 
2 The wood at stem 4 position showed the highest stiffness, density, and the 
shortest tracheids compared to other stem positions in the angled plantlets. 
3 The stem position strongly effected stiffness. The stiffness decreased up the 
stem. 
4 Stiffness is related to density in the angled clones (P = 0.528**). The higher 
stiffness was effected by the bigger density. 
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4.4 Results of clonal wood properties 
In this section, the effect of clone, treatment, and stem position on wood properties will 
be examined. 
4.4.1 Test samples 
The samples were obtained from the free, tied and angled clonal plantlets through 
splitting their stems into quadrants (test samples) for stiffness testing in tension (air-dry 
to 12% moisture content), density (air-dry at 12% moisture content) and tracheid length. 
The cell numbers/mm2 and percent cell wall area were examined over the entire stem 
cross-section (green wood) using standard image analysis techniques on PC running 
MetaMorph imaging software. Ray cells and resin canals were eliminated from the cell 
counts by applying size elimination filters. 
4.4.2 Comparison of wood properties between clones, treatments and 
stem positions 
To know how the wood properties were effected by the genetic factors (clones), by 
plantlet growth conditions (treatments), and the .plantlet development stages (stem 
positions), the means of wood properties were calculated and the analysis of variance 
were undertaken to compare wood properties between clones, treatments and stem 
positions. Where appropriate these values have been volume weighted to account for 
the greater stem diameter at the base of the plantlets and for the larger quadrant area of 
compression wood in the angled plantlets. These results were listed in Table 4.8. 
Table 4.8 indicates that there were no significant differences in wood properties 
between the two clones. Density, tracheid length, cells/mm2 and the percent cell wall 
area differed significantly between treatments. Stiffness, tracheid length and percent 
cell wall area significantly differed between stem positions. The results of analysis of 
variance indicate an interaction in density and in tracheid length between treatments and 
stem positions. These differences in wood properties are considered in following 
sections. 
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Table 4,7 Weighted-means of stiffness, density, tracheid length, cells/mm2, and 
percent cell waH area for clones, treatments, and stem positions at aU 
height up the stems for all treatment plantlets: standard errors are shown 
in parentheses 
MOE Density Tracheid L. Cells/ Cell wall 
(GPa) (kg/m3) (mm) mm2 area (%) 
Clone 
8 1. 73 (0.17) 495 (32.2) 1.05 (0.06) 2337 (149) 33.0 (2.9) 
31 1.77 (0.18) 464 (24.2) 1.06 (0.05) 2291 (121) 32.9 (5.0) 
P value 0.901 0.101 0.700 0.851 0.981 
Treatment 
Free 2.02 (0.2) 461 (23) 1.13 (0.02) 2135 (66.8) 30.6 (2.0) 
Tied 1.67 (0.04) 418 (6.1) 1.14 (0.03) 2166 (87.8) 27.9 (1.8) 
Angled 1.55 (0.19) 559 (14.6) 0.87 (0.02) 2641 (96.9) 40.4 (2.3) 
P value 0.393 0.001 0.001 0.004 0.000 
Position 
Stem 1 1.07 (0.15) 478 (19.4) 0.99 (0.0472) 2112 (75.4) 27.3 (1.71) 
Stem 2 1.43 (0.11) 473 (16.5) 1.04 (0.0266) 2239 (63.3) 29.5 (1.87) 
Stem 3 1.59 (0.16) 477 (23.6) 1.07 (0.0359) 2187 (119) 32.0 (2.58) 
Stem 4 2.44 (0.22) 446 (20.9) 1.11 (0.0507) 2352 (163) 33.2 (4.00) 
Base 1.78 (0.16) 478 (20.7) 1.08 (0.0332) 2413 (150) 34.6 (2.36) 
P value 0.000 0.678 0.000 0.194 0.005 
4.4,2,1 Stiffness 
Stiffness between clones 
Table 4.8 indicated that the clones 8 and 31 had similar stiffness values, on average 
being around 1.7 GPa. The mean values for stiffness in clones 8 and 31 at various 
positions up the stem in each treatment are summarised in Table 4.9. The mean values 
of stiffness decreased with height. Wood at stem 4 position had higher values than 
other stem positions in every treatment. Overall, the angled plantlets had lower stiffness 
values at stem 1, 2 and 3 than the free and tied clones. It is clear from Table 4.9 that 
apart from stem 4 position, the tied clones had higher and the angled clones had lower 
stiffness than the free clones. 
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Table 4.8 The mean values of stiffness (GPa) of the stems of free (F), tied (T) and 
angled (A) clones 8 and 31. 
Stem 1 Stem 2 Stem 3 Stem 4 Base 
C8(F) 0.76 1.12 1.99 2.47 1.89 
C31(F) 1.11 1.63 1.33 2.76 1.73 
Mean 0.94 1.38 1.66 2.62 1.81 
C8(T) 1.06 1.59 1.79 2.49 1.01 
C31(T) 1.52 1.58 1.93 2.26 1.33 
Mean 1.29 1.59 1.86 2.38 1.17 
C8(A) 1.28 1.30 1.50 2.98 2.63 
C31(A) 0.65 1.34 0.87 1.93 1.79 
Mean 0.96 1.32 1.18 2.45 2.21 
Stiffness between three treatments 
Table 4.8 indicates that there was not significant difference in stiffness between clones 
8 and 31. However, there is an evidence that the angled plantlets had weaker wood 
(1.55 GPa) than free ones (2.02 GPa) and tied ones (1.67 GPa). This implies that if tied 
the plantlets to 45 degrees their wood will become weaker. This probably was due to 
tracheid length becomes shorter under the angled treatment. 
Stiffness variations along the stem 
A significant difference in stiffness existed between stem positions (P = 0.000). The 
mean values of stiffness for each stem position from the base to stem 1 position are 
1.92, 2.44, 1.59, 1.43 and 1.07 GPa respectively. Stem 4 had the largest stiffness 
values, and the stem 1 had the smallest stiffness. There was a general trend of 
decreasing stiffness values with increasing height up the plantlets. Stiffness increases 
gradually from stem 1 to stem 3 and then sharply increases to stem 4 before decreasing 
from stem 4 to base (Figure 4.9). 
From Table 4.9, the stiffness declined from stem 4 to the base. The stem 4 having 
higher stiffness suggests the wood tissue in stem 4 being maturer than stem 3, 2, and 1. 
The less stiff wood in the base zone suggests that the behaviour of base log was like butt 
log in mature trees. 
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Overall, the stiffness largely varied between stem positions, increasing from the top to 
the bottom. It did not change much with treatments. However, there was evidence that 
the tied plants had stiffer wood, and the angled plants had less stiff wood compared with 
free grown ones. 
4.4.2.2 Density 
Density between clones 
Table 4.8 shows that clone 8 had a slightly higher density (495 kg/m3) than clone 31 
(464 kg/m3). Mean values for the density of two clones in the three treatments are given 
in Table 4.1 O. In the free (untied) treatment, clone 8 had a higher density than clone 31 
at all stems positions. There are no systematic differences between stem positions in the 
two clones when staked vertically or at an angle. It is noted that the angled clones had 
higher density values and the tied clones had lower values than the free clones at all 
stem positions. It is clear from Table 4.10 that the density of two clones had a little 
change between stem positions, but had a large change between treatments. 
Table 4.9 The mean values of density (kg/m3) of the stems of free (F), tied (T) and 
angled (A) clones 8 and 31. 
Stem 1 Stem 2 Stem 3 Stem 4 Base 
C8(F) 540 532 518 428 468 
C31(F) 496 475 432 410 446 
Mean 518 504 475 419 457 
C8(T) 453 416 382 411 435 
C31(T) 425 401 401 417 433 
Mean 439 409 392 414 434 
C8(A) 483 533 578 569 568 
C31(A) 489 506 565 554 559 
Mean 486 519 572 562 564 
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Effect of treatments on density 
Density is very sensitive to the treatments. A significant difference in density between 
treatments is evident in Table 4.8 (P = 0.001). From Table 4.8, for the free, tied, and 
angled plantlets, the mean density values are 461, 418 and 559 kg/m3 respectively. The 
angled plantlets were denser than the free and the tied ones especially in the lower part 
of the stem (Figure 4.10). The angled treatment, with the formation of compression 
wood on the underside of the leaning plantlets, increased in density by 21 % compared 
to the freely growing plantlets, and by 34% more than the tied plantlets. 
Figure 4.10 shows the density of three treatments along the stems. An interaction in 
density was found between treatments and stem positions (P = 0.000), that is, the angled 
plantlets were much denser in the lower stem whereas the free ones were denser in the 
upper stem (Figure 4.10). 
Clearly, the density was much variable with treatments, but did not change much 
between stem positions: 478, 473, 477, 446, and 478 kg/m3 (this may be because these 
plantlets were too young to change their density). Environmental stress resulted in 
different wood cell types and densities for plantlets. Angled plantlets produced more 
compression wood with bigger density. Tied plantlets were not subject to these 
eccentric gravitational forces, and so they produced more normal wood with light 
density. This result illustrates that plantlets in different growing situations will produce 
different wood cells with different density to adapt to their growing conditions. 
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Figure 4.10. Density variations up the stem: vertical lines represent standard errors. 
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4.2.2.3 Tracheid length 
25 tracheids were measured using image analysis from each macerated sample. With 
two replicates this means 50 tracheids for each quadrant, 200 for each stem and 1000 
for each plantlet. The results for the tracheid length distributions in the clones, 
treatments, and stem positions are listed in Appendix 2, which include tracheid 
numbers, means, standard deviations, standard errors, and coefficients of variations. 
Tracheid length in clones 
The clones 8 and 31 had same tracheid length on average being about 1.06 mm. The 
tracheid lengths for the free, tied and angled plantlets are listed in Table 4.11. It is clear 
that the tracheid lengths decreased with stem height. The angled plantlets had shorter 
tracheids than the free and tied clones. It is noted that stem 4 position for the free and 
tied plantlets had longer tracheids while the angled plantlets had shorter tracheids than 
those in the other stem positions. It is suggested that cells at the stem 4 position were 
subject to more severe compression forces than at other stem positions. 
Table 4.10 The mean values for tracheid length (mm) in the stems of free (F), tied 
(T) and angled (A) plantlets of clones 8 and 31. 
Stem 1 Stem 2 Stem 3 Stem 4 Base 
C8(F) 1.02 1.03 1.08 1.21 1.15 
C31(F) 1.06 1.08 1.16 1.16 1.16 
Mean 1.04 1.05 1.12 1.19 1.16 
C8(T) 1.06 1.09 1.19 1.21 1.15 
C31(T) 1.19 1.13 1.19 1.18 1.17 
Mean 1.13 1.11 1.19 1.19 1.16 
C8(A) 0.87 1.25 0.94 0.89 0.92 
C31(A) 0.84 0.97 0.92 0.85 0.94 
Mean 0.86 1.11 0.93 0.87 0.93 
The effect of treatments on tracheid length 
Tracheid length significantly differ between treatments (P = 0.001). The mean tracheid 
length in the free grown plantlets was 1.13 mm, for the tied stems was 1.14 mm, and for 
the angled stems was 0.87 mm. The angled clones had the shortest tracheids, especially 
at stem 4 position where the tracheid length was much shorter. The free and tied 
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plantlets had similarly tracheid lengths (about 1.13 mm) which is 31 % longer than the 
angled ones. Clearly, the angled treatment strongly influenced tracheid length. 
Vertical variations in tracheid length 
The tracheid length was also influenced by stem position (P = 0.000). There is a 
gradual decrease in tracheid length up the stem, being 1.08 (base), 1.11, 1.07, 1.04, and 
0.99 mm (position 1) respectively. The tracheid increases 10% from stem 1 to base. It 
is conceivable that there are a few longer primary tracheids in stem 1 of the tied 
treatment but these should have been readily identified. They were not observed. 
Overall, the results of these measurements demonstrated that the tracheids became 
progressively longer down the stem. Tracheid length also was strongly influenced by 
growth conditions, the tied treatment plantlets grow the longest tracheids, and the 
angled treatment results in the shortest tracheids. The variations in tracheid length 
along the stem in three treatments are shown in Figure 4.11. 
There was an interaction in tracheid length between treatment and stem position (P = 
0.001), that is in the angled treatment stem 4 had the shortest tracheids while in the free 


































Figure 4.11 Tracheid length variations up the stem: vertical lines represent standard 
errors. 
4.2.2.4 Cell numbers/mm2 
Cell numbers/mm2 of clones 
The clones 8 and 31 had similar cell numbers. Cells/mm2 for the free, tied and angled 
plantlets of clones 8 and 31 are listed in Table 4.12. It is noted that clones 8 and 31 had 
more cells/mm2 in the angled treatment than in the free and tied treatments at all stem 
positions. 
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Table 4.11 The mean number of cells/mm2 at various positions up the stem for the 
free (F), tied (T) and angled (A) plantlets of clones 8 and 31. 
Stern 1 Stern 2 Stern 3 Stern 4 Base 
C8(F) 2000 2055 2054 2374 
C31(F) 2228 2207 1906 2072 2049 
Mean 2114 2131 1980 2072 2212 
C8(T) 1822 2160 1906 1984 2013 
C31(T) 2118 2164 2193 2338 2574 
Mean 1970 2162 2049 2161 2294 
C8(A) 2291 2373 2594 2942 2994 
C31(A) 2342 2468 2467 2466 2517 
Mean 2317 2421 2531 2704 2756 
The effect of treatment on cell numbers/mm2 
Table 4.8 indicates that cell numbers/mm2 were effected by treatments (P = 0.004). The 
stern for the angled treatment had more cells (2641 cells/mm2) than the free (2135 
cells/rurn2) and the tied ones (2166 cells/rurn2). The difference in cell numbers/mm2 
between treatments is shown in Figure 4.12. The cell numbers/rurn2 for the angled 
treatment suggests a steady decline up the stern. 
4.2.2.5 Percent cell wall area 
Percent cell waH area in the clones 
The clones 8 and 31 had similar percent cell wall area being around 33%. 
The results of the percent cell wall area of the free, tied and angled clones 8 and 31 are 
given in Table 4.13. It is clear that the percent cell wall areas in the angled clones was 
higher than in the free and the tied clones at all stem positions. Also it is noted that the 
free-standing plantlets of clone 8 had higher percent cell wall areas at all positions up 
the stern than did clone 31, whereas the angled plantlets of clone 31 had higher percent 
cell wall areas than did clone 8 in all positions up the stem. These results reflect the fact 
that the two clones had different responses to the angled treatment: clone 8 was more 
tolerance than clone 31 as clone 8 had less thick cell walls than the clone 31 under 
angled treatment. 
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Table 4.12 Mean percent cell waH area up the stems of the free (F), tied (T) and 
angled (A) plantlets for clones 8 and 31. 
Stem 1 Stem 2 Stem 3 Stem 4 Base 
C8(F) 29.1 28.6 34.8 N/A 34.3 
C31(F) 26.4 27.2 26.9 28.7 27.5 
Mean 27.8 27.9 30.9 28.7 30.9 
C8(T) 25.5 26.0 25.0 25.3 32.6 
C31(T) 24.9 25.1 29.0 27.1 30.4 
Mean 25.2 25.6 27.0 26.2 31.5 
C8(A) 28.9 33.0 33.1 38.4 40.8 
C31(A) 38.6 38.6 41.3 42.7 40.6 
Mean 33.8 35.8 37.2 40.6 40.7 
Effect of treatment and stem position on percent cell wall area 
The percent cell wall area was significantly different between treatments (P = 0.000). 
The angled treatments had a greater percent cell wall area than the free and tied ones 
(Table 4.8), 40.4% cell area for the angled treatments, 30.6% and 27.9% for the free and 
tied ones respectively. Because the percent cell wall area was strongly influenced by 
the angled treatment, the percent cell wall area for the angled treatments is 32% more 
than the free ones, and 45% more than tied ones. It increases very quickly from tip to 
base in the angled plantlets, but increased only slightly from stem position to stem 
position in free and tied plantlets (Figure 4.13). 
The percent cell wall area differed between stem positions (P = 0.005). From the base 
to stem 1, the percent cell wall areas are 34.6, 33.2, 31.9, 29.5, and 27.3% respectively. 
This increasing trend of percent cell wall area from stem 1 to base is shown in Figure 
4.13. 
Clearly, The angled plants had much more percent cell walls, and the tied seedlings had 
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In this study, the effecting of clone, treatment, and stem position on wood properties 
have been investigated. The results indicated that the two clones had similar behaviour 
in wood properties in each treatment. This suggests that the two clones studied here 
probably had close genotypes. However, the two clones had different responses when 
tied to 45 degrees, in clone 8 the cell wall area changed less than clone 31. 
The treatments had a strong influence on wood properties, especially the angled 
treatment. Different treatments let the plantlets produce different responses in both cell 
types (compression wood etc) and distribution. These differences resulted in different 
wood property values. The problem of variability is clearly seen in the data (Appendix 
5) where wood of similar tissue type, eg, compression wood and of similar density 
could show such huge differences in stiffness-by a factor of 3. This experimental 
variability is believed to be due to the small physical size of the material being studied. 
The results in this study also demonstrated that the stem position systematically 
influenced wood properties. Most of wood properties showed declining patterns from 
stem 4 to stem 1. These probably related to wood maturity, that is the wood in stem 4 
zone was maturer than stem zones 3, 2, and 1. Therefore, the stem 4 had stiffer wood 
and longer tracheids. The base always had lower values compared to stem 4. Probably, 
the behaviour of the wood at the base zone like the wood in butt log of mature trees 
where the wood had lower qualities being reported before (Ping Xu and John Walker, 
2000). It is probably wise to treat this zone as transitional between root and stem wood. 
4.4.4 Conclusions 
Comparing the young wood properties between clones, treatments, and stem positions, 
one concludes that: 
1 Clones 8 and 31 were similar in most of wood properties, but the clone 31 had 
thicker cell walls than clone 8 under the angled treatment. 
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2 The angled treatment strongly influenced wood properties. Both clones 8 and 31 
grown under the angled treatment had more cells, thicker cell walls, higher 
densities, shorter tracheids, and lower stiffness. 
3 The tied treatment had lower density, fewer cell numbers/mm2, lower percent cell 
wall area, longer tracheids, and higher stiffness. 
4 The free grown plantlets had the values of wood properties that were intermediate 
between the angled and tied treatments. 
5 On going down the stem, the tracheids became longer, the cell walls thicker, and the 
wood stiffer. 
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4.4.5 Results of the relationships between young wood properties 
The statistical relationships between clonal wood properties have been investigated in 
this study. 
Relationships between stiffness, density and tracheid length for the all plantlets 
Correlation analysis was used to determine the relationships between stiffness, density 
and tracheid length using 240 samples from the various quadrants and positions up the 
stem for 12 plantlets from the three treatments (taken together). The results are set out 
in Table 4.14. Stiffness was positively related to tracheid length, and the density 
negatively related to tracheid length. Their P values reached 0.1 % significance level. 
Table 4.13 The results of correlations between stiffness, density, and 
tracheid length of clonal plantlet wood. 
Relationship r value P value 
MOE - Density 
MOE - Tracheid length 
Density- Tracheid length 
* * * at 0.1 % significant level. 







A relationship between stiffness and density was not found here when usmg all 
treatment samples. This is totally unexpected as all the literature emphasises a strong 
positive correlation between stiffness and density (Pearson and Gilmore, 1971; Addis, 
1995; Mishiro and Eiji, 1997). This will discuss in section 4.4.4.3. 
Stiffness - Tracheid length 
There was a modest relationship between stiffness (GPa) and tracheids length (mm) (r = 
0.28***). The higher stiffness accompanied longer tracheids. The data of stiffness 
against tracheid length was plotted for all samples from 12 plantlets in Figure 4.14. The 
regression equation is: 
MOE = - 0.321 + 1.77 tracheid length (r = 0.28***) 
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Figure 4.14 showed that the tied treatments had longer tracheids and slightly higher 
stiffness whereas the angled plantlets had shorter tracheids and lower stiffness. There 
are two problems with this analysis. First the stiffness values are extraordinarily 
variable, and second the wood properties of the angled plantlets are likely to be different 
from those of the free and tied plantlets (for this reason there is a further section in this 
chapter which analyses these two populations separately). 
Density - Tracheids length 
A negative relationship existed between density and tracheid length (r = - 0.52***). 
Stems with higher densities had shorter tracheids and vice visa. A plot of density 
against the mean tracheid length together with the fitted line are shown in Figure 4.15. 
The regression equation is: 
Density = 841-353 tracheid length (r = - 0.52***) 
The tied plantlets had longer tracheids and a lower density, whereas the angled plantlets 
had shorter tracheids and a higher density, which emphasises the view that the angled 
treatment should be analysed separately, as with compression wood one might expect 
the shorter tracheids to be denser. This plot is contrary to observations by many 
workers who have studied such relationships in trees from plantations and natural 
forests (Wardrop, 1951; Addis, 1998). In order to understand the relationships between 
stiffness, density and tracheids length within different treatments, or any influence of 
treatments on relationships between wood properties, individual analyses for the angled 
plantlets, and for the free and tied plantlets (taken together) need to be carried out 
separately. 
From Figure 4.14 and 15, it is noted that the data points from the tied plantlets are less 
scattered and the angled ones show considerable scatter. These distribution patterns of 
the data points imply that the tied plantlets had relatively uniform wood structure, and 
the angled plantlets had highly variable wood structures. 
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4.4.5.1 Relationships between wood properties of the angled plantiets 
The results of correlation analysis for stiffuess, density, and tracheid length in the 
angled treatments are given in Table 4.15. A correlation between stiffness and density 
for the angled plantlets is now apparent whereas it was lacking when all treatments were 
taken together in Table 4.14. 
Table 4.14 Correlations between modulus of elasticity, density and 
tracheid length for the angled plantlets. 
Relationship r value P value 
MOE - Density 
MOE - Tracheid L. 
Density - Tracheid L. 
* * at 1 % significant level. 







F or the angled plantlets of both clones 8 and 31, the stiffness increased with density 
(Figure 4.16). The regression equation was: 
MOE = - 1.06 + 0.00488 density (r = 0.528***) 
Figure 4.16 is a replot of Figure 4.8 showing the behaviour of clones 8 and 31. It is 
noted that the scattered data points are compression wood samples from the angled 
plantlets (see Figure 4.8). The compression wood samples showed very large stiffness 
variations while the density at around 600 kg/m3 at most of stem positions, varied 
somewhat less. These different values in stiffness and less variable values in density 
resulted in the data distribution in Figure 4.16. It is possible that these compression 
wood samples had unequal amounts of compression wood cells; further some samples 
might have severe compression wood and some mild compression wood. 
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Figure 4.16 Relationship between stiffness and density for the angled plantlets 
Overall, from Figure 4.14, 4.15, and 4.16, it was found that the scatter points were from 
the compression wood of the angled plantlets (see Figure 4.8). These data points 
suggested that each cOIn pression wood satnple had unequal alnounts of compression 
wood tissue both in extent and severity, that is some samples had more severe 
compression wood cells, some had more mild compression wood cells (Plate 3.10). 
Most of the adverse characteristics of compression wood are related to the more severe 
fonn (Zobel and Buijtenen, 1989). This un-unique wood tissue may lead to each 
compression wood samples having different characteristics, such as different density, 
tracheid length, and microfibril angle (these factors all are important for stiffness) (see 
Appendix 5). It is well known that the compression wood varies from mild to severe 
and varies greatly with growth conditions, tree species, and tree age. The similar 
problem was reported by Pearson and Gihnore (1971) in juvenile wood of loblolly pine 
that there was a very wide dispersion of modulus of elasticity among butt log specimens 
of similar specific gravity. And a hypothesis for explaining highly variable was due to 
the presence of variable amounts of compression wood in these butt log samples. 
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4.4.5.2 Relationships between wood properties of the free and tied plantiets 
The results of correlation analyses between stiffness, density, and tracheid length in free 
and tied plantlets are shown in Table 4.16. The stiffness appears related to tracheid 
length in the free and tied plantlets, but is umelated to density (again an unexpected 
observation, this will discuss in section 4.4.5.3). Density is negatively related to 
tracheid length. 
Table 4.16 Correlations between modulus of elasticity, density, and 
tracheid length for the free and tied plantlets. 
Relationship r value P value 
MOE - Density 
MOE - Tracheid L. 
Density - Tracheid L. 
* * * at 0.1 % significant level. 







A plot of stiffness with tracheid length for the free and tied plantlets is shown in Figure 
4.17. The regression equation is: 
MOE = - 2.74 + 3.89 tracheid length (r = 0.40***) 
From Figure 4.17, it is noted that the data points for these free and tied plantlets still 
show dispersion as the free and tied plantlets contained some compression wood 
randomly distributed within the four quadrants (Plate 3.1 0). Also other factors are 
related due to the influence on stiffness of characteristics such as microfibril angle 
(Appendix 5): that microfibril angle influences stiffness has been well document 
(Butterfield, 1998; Walker and Butterfield, 1996; Cave, 1969; Cave and Walker, 1994). 
The juvenile wood of trees shows bigger variations in wood properties as well as high 
knot incidence and high spiral grain (Cown, 1992). However, our result demonstrates 
that the longer the tracheids the higher the stiffness. This result agrees with the results 
on mature trees by reported before, that the stiffness were related to tracheid length 
(Addis, 1998; Senft et al., 1985; Wardrop, 1951). 
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Density - tracheid length 
A negative relationship between density and tracheids length (r = - 0.47***) was found 
in the free and tied plantlets (Figure 4.18). The regression equation is: 
Density = 924 - 426 tracheid length (r = - 0.47***) 
Figure 4.18 clearly shows a higher density with shorter tracheids and a lower density 
with longer tracheids. In forest trees, the density and tracheids length increase outwards 
from the centre of the tree (Cown and McConchie, 1980; Young et ai., 1992). This 
implies the tracheid length should positively relate to density. However, in this study 
the samples were from the first growth ring and from different treatments. The 
tracheids were influenced by the treatments, that is under the angled treatment tracheids 
became shorter and with thicker cell walls (higher density). For the vertically tied 
plantlets the tracheids became longer and with thinner cell walls (lower density). The 
negative relationship between density and tracheid length in this study clearly shows the 
tracheids changing behaviour in different treatments. 
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Figure 4.18 Relationship between density and tracheid length of the free and 
tied treatments 
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4.4.5.3 Altered relationships between wood properties 
The results of relationships between stiffness, density, and tracheid length in free, tied 
and angled treatments demonstrated that the relationships between wood property can 
be altered under different treatments. The stiffness appears related to density in the 
angled treatment, whereas stiffness appears related to tracheid length in the free and tied 
treatments. Clearly, different growth conditions resulted in different relationships. It is 
also demonstrated that both density and tracheid length are major contributors to 
stiffness. In the case of angled treatment, the stiffness was clearly influenced by density 
as all wood types had different stiffnesses and densities but had similar tracheid lengths. 
Whereas in the case of free and tied treatments, the stiffness was clearly influenced by 
the tracheid length as all quadrant samples had different stiffnesses and tracheid lengths 
but had similar density. 
Taylor (1979) reported a similar result about tracheid length in wood types of loblolly 
pine branches. His result showed that there was no significant difference in tracheid 
length between compression wood and opposite wood. The compression wood from 
lower side of branches had similar tracheid length and bigger density than samples from 
the upper side at all points along the branch. The angled plantlets in this study had 
similar behaviour. 
Harris (1977) examined the variation of microfibril angle in relation to visual 
compression wood grade in radiata pine but found no significantly differences between 
compression wood and opposite wood within the same growth ring. 
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4.4.5.4 The relationships between wood properties of 6 plantlets 
The work involved in measuring cell numbers/mm2 and percent cell wall area was 
considerable, and so was restricted to only 6 plantlets (Table 4.17). 
Table 4.16 Relationships between stiffness, density, tracheid length and 
cell numbers/mm2, percent cell wall area of plantlets. 
Relationship r value P value 
Cell nurnbers/mm2 - MOE 0.32 0.101 
Percent cell wall area - MOE 0.21 0.290 
Cell numbers/mm2 - Density 0.54** 0.004 
Percent cell wall area - Density 0.68*** 0.000 
Cell numbers/mm2 - Tracheid L. -0.54** 0.004 
Percent cell wall area - Tracheid L. -0.61 *** 0.001 
Cell numbers/mm2 - Percent cell wall area 0.69*** 0.000 
* * at 1 % significant level. 
*** at 0.1% significant level. 
No relationships were established between modulus of elasticity and cells/mm2 and 
percent cell wall area. 
Density - ceHs/mm2 
A positive relationship exists between density and cells/mm2 (r = 0.54**). Density 
increases with increasing cell numbers/mm2, with the angled seedling having more 
cells/mm2 and a higher density, and the tied plantlets having fewer cells/mm2 and a 
lower density (Figure 4.19). 
Density - percent cell wall area 
A positive relationship between density and percent cell wall area was observed (r = 
0.68***). The angled plantlets had more percent cell wall area and higher density, 
while the tied plantlets had less percent cell wall area and lower density (Figure 4.20). 
It is noted from Figure 4.20 that the intercept on the y-axis is 243 kg/m3 when 
comparing density (air-dry) with percent cell wall area (green). There are several 
reasons to result in this big (non-zero) intercept: first, the density was air-dry density 
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(12% moisture content) and the percent cell wall area was for green cell wall area and 
excluded the area of the ray cells, resin canal cells and pith. Also there should be a 
minor adjustment for when the fresh wood was fixed in F.A.A., a slightly swelling 
occurred to more than their fresh dimension. 
Of particular interest was the fact that the ratio of the air-dry stem area (by summing the 
four quadrant areas of the stem) to the green stem area (fixation stem cross area) was 
unusually small being around 70 -80%. This amount cannot be explained by shrinkage 
alone. The young wood possibly contained some immature cells (close to cambium) 
and some primary wood cells (close to pith) which might collapse when air-dried as 
these immature cells had very thin walls and the primary cell walls were unligninfied. 
It is possible that the young tissue (especially just 8-month-old plantlets grown in a 
glasshouse) had a larger shrinkage when air-dried than the mature wood. Nicholls 
(1982) reported that leaning radiata pine trees grown in a 23-yr-old plantation of 
Australia contained some compression wood. These compression wood zones (ring 5-
20) had a large tangential shrinkage, being 3.3%, and the normal tissue, being 7.1%, 
which is much larger than old mature wood. It is suggested that the large shrinkage and 
immature cell collapse in the 8-month-old young wood resulted in a small ratio of the 
air-dry stem area to the fresh stem area. As a result, a large intercept was made. 
Tracheids length - cells/mm2 
Tracheids length was negatively related to cell numbers/mm2 (r = -0.54**). This 
relationship is shown in Figure 4.21. The results indicate that tracheid length increases 
as cell numbers/mm2 decrease. The angled plantlets had more cells/mm2 and shorter 
tracheids. The tied plantlets had longer tracheids and fewer cells/mm2. 
Tracheid length - Percent cell wall area 
The tracheids length versus percent cell wall area shows a negative relationship (r = -
0.61 ***). Figure 22 shows a plot oftracheid length against percent cell wall area. The 
angled plantlets had a higher percent cell wall area and shorter tracheids than the tied 
plantlets which had less percent cell wall area and longer tracheids. 
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Cells/mm:! - Percent cell wall area 
Cells/mm2 were closely related to percent cell wall area (:r= 0.69***). This result is 
shown in Figure 23. The angled plantlets had more cells/mm2 and a higher percent cell 
wall. The tied plantlets had fewer cells/mm2 and a lower percent cell wall area. 
Overall, the relationships between the wood properties in 6 plantlets indirectly agree 
with the results at the 12 plantlets. These results demonstrate that cell numbers/mm2 
and percent cell wall area are major contributors to density. 
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4.4.6 Conclusion 
1 The relationships between wood properties can be altered in different treatments. 
Stiffness was related to tracheid length in the free and tied plants, and the stiffness was 
related to density in the angled plants. 
2 Density was negatively related to tracheid length in the free and tied plants. 
3 Density was related to cells/mm2 and percent cell wall area. 
4 Cell numbers/mm2 and percent cell wall area are related to each other. 
CHAPTERS 




Wood properties of specific clones have been studied in Chapter 4. In this chapter, 
wood properties of genetically variable seedlings will be examined. 
The aims of this chapter are to understand the variations of wood properties between 
seedlings and seedlots, and to investigate the effect of stem position and age on wood 
properties of seedlings. Stiffness (MOE) in compression, maximum crushing strength 
(MCS) in compression, air-dry density, and microfbril angle (MFA) will be determined 
using seedlings from different growth and form (GF) seedlots. The relationships 
between wood properties of seedlings will be also explored in this chapter. 
5.2 Materials and methods 
The seedlings were selected from the Port Levy clonal and seedlot trials established by 
the School of Forestry, Canterbury University, New Zealand. 32 seedlings were 
randomly selected from four seedlots: 1 year-old GF10, 1 year-old GF 28, 2 year-old 
GFIO, and 2 year-old from GF28. The 8 seedlings were taken from each seedlot-age 
category. 
The root and crown of the seedlings were removed the day following harvesting and the 
stems were then stored in refrigerator at -8°C until needed. Wood from the middle part 
of the stem was cut to give 1x1x4 mm3 samples (Figure 5.1). The samples from 1 year-
old seedlings were cut from growth ring 1 (the samples probably contained variable 
amount of compression wood), and the samples from 2 year-old seedlings were cut 
from growth ring 2 (the samples were free of compression wood by checked). Only 
straight grain sticks were chosen for testing. Fourteen samples were prepared for each 
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seedling, providing a total of 448 samples from all the 32 seedlings. To compare wood 
properties between stem positions, the stems of each 2 year-old seedling were cut into 4 
blocks numbered the 1,2, 3 and 4. The blocks 1 and 2 named the upper two (the upper 
two position contained 7 samples), and the blocks 3 and 4 called the lower two (the 
lower two position contained 7 samples). 
The length and width of the TLS and RLS faces of each sample were measured using a 
computer image measurement system (Metamorph). Each stick sample was weighed to 
the nearest 0.001 g to calculate stick density. The stiffness and failure strength of each 
sample was experimentally determined using a micro-compression tester interfaced to a 
computer. All measuring and testing was carried out at 60% relative humidity at a 
temperature of about 20°C. 
The values for maximum crushing strength (MCS) were determined by compressing the 
sample to failure. The stiffness (MOE) was determined from the linear region of the 
force-deflection curve. Density is determined by the weight and volume of sample 
(12% moisture content). Microfibril angles were determined by the Cave-T method (X-
ray diffraction) to obtain a mean microfbril angle for the sample. 
Values of maximum crushing strength, stiffness, density and microfibril angle for each 
sample were calculated according to the following formulae: 
MCS (MPa) = max. load (N) x 106/cross-sectional area (mm2) 
MOE (GPa) = (slope (N/mm) x specimen length (mm) x 106/cross-sectional area 
(mm2))/1000 
MFA (degrees) = T = (xc2 - xcI + 2w)/2 
Density (kg/m3) = (stick weight (mg)/stick length (mm) *RLS (mm) * TLS 
(mm)) * 1000 
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Analysis of variance was performance to determine significant differences in wood 
properties between seedlings, seedlots, stem position and age. Correlation and 
regressIOn analyses were carried out to establish relationships between the wood 
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Figure 5,1 Sampling from one and two year-old seedlings. 
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5.3 Results of wood properties of seedlings 
5.3.1 Variations in wood properties between seedlings 
All samples were tested for stiffness (MOE), maximum crushing strength (MCS), air-
dry density, and microfibril angle. The means for the wood properties of these seedlings 
are given in Table 5.1. There is considerable variations in wood properties. Each 
property varied from seedling to seedling in both 1 and 2 year-old seedlots (GFs 10 and 
28). These differences in wood properties between seedlings were significant (P = 
0.000). This variation is to be expected as it reflects the enormous genetic diversity 
within any given seedlot. 
Stiffness 
Stiffness significantly varied between seedlings (P = 0.000). In 1 year-old seedlings, 
the values of stiffness ranged from 0.45 to 0.74 GPa in GF 28, and from 0.52 to 0.79 
GPa in GF 10. The highest value is 53% greater than lowest one. In 2 year-old 
seedlings, the values of stiffness varied from 0.43 to 0.72 GPa in GF 10, and 0.55 to 
0.68 GPa in GF28. It is noted that in 2 year-old seedling population the seedlings with 
the higher stiffness value were with smaller microfibril angle, and the seedlings with the 
lower stiffness value were with larger microfibril angle. 
Maximum crushing strength 
The maximum crushing strength significantly differed between seedlings (P = 0.000). 
In 1 year-old seedlings, the values of maximum crushing strength varied from 14.3 to 
23.5 MPa in GF 10, and from 11.7 to 20.1 MPa in GF28. In 2 year-old seedlings, the 
values ranged from 12.3 to 17.0 MPa in GF 10 and from 11.2 to 16.7 MPa in GF 28. 
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Table 5.1 The means of maximum crushing strength, stiffness, microfibril angle, 
and density of 32 seedlings: standard errors are shown in parentheses. 
Name Seedling MCS MOE Cave-T Density 
No. (MPa) (GPa) MFA (kg/m3) 
(degrees) 
1-yr-old 1 21.3 (0.6) 0.65 (0.04) 63.2 (1.6) 391 (10) 
seedlings 2 20.6 (1.3) 0.67 (0.05) 67.9 (1.9) 383 (10) 
(GF10) 3 21.9 (0.8) 0.79 (0.05) 70.8 (1.2) 412 (10) 
4 20.6 (1.5) 0.78 (0.05) 63.9 (1.2) 394 (6) 
5 19.8 (0.8) 0.79 (0.05) . 68.7 (1.5) 369 (20) 
6 23.5 (1.0) 0.72 (0.03) 64.3 (1.2) 441 (11) 
7 14.3 (0.7) 0.52 (0.04) 66.9 (1.3) 476 (13) 
8 15.9 (0.5) 0.65 (0.05) 68.5 (1.9) 430 (7) 
Mean 19.7 0.70 66.8 412 
1-yr-old 1 20.1 (1.0) 0.74 (0.03) 69.1 (1.3) 388 (15) 
seedlings 2 16.7 (0.8) 0.65 (0.05) 70.9 (1.5) 378 (15) 
(GF28) 3 13.2 (0.6) 0.51 (0.04) 68.1 (1.8) 413(11) 
4 13.1 (05) 0.55 (0.03) 57.5 (1.0) 384 (6) 
5 11.7 (0.6) 0.46 (0.03) 62.6 (1.6) 444 (12) 
6 11.7 (0.6) 0.45 (0.03) 60.5 (1.3) 397 (9) 
7 16.4(1.6) 0.56 (0.04) 67.9 (1.2) 544 (19) 
8 13.9 (0.6) 0.47 (0.04) 69.9 (1.3) 443 (14) 
Mean 15.2 0.58 60.7 356.1 
2-yr-old 1 13.7 (0.5) 0.56 (0.05) 58.4 (1.3) 355 (5) 
seedlings 2 12.3 (0.3) 0.43 (0.02) 61.1 (1.0) 330 (6) 
(GF10) 3 16.2 (0.6) 0.56 (0.05) 62.1 (1.8) 381 (10) 
4 16.5 (0.5) 0.57 (0.03) 57.9 (1.0) 349 (6) 
5 15.6 (0.5) 0.59 (0.05) 63.2 (1.6) 342 (3) 
6 14.8 (0.7) 0.53 (0.04) 70.7 (1.1) 383 (16) 
7 16.9 (0.6) 0.68 (0.05) 57.5 (0.8) 372 (9) 
8 15.8 (0.6) 0.72 (0.05) 54.9 (0.7) 337 (8) 
Mean 14.3 0.55 65.8 424.0 
2-yr-old 1 15.7 (0.7) 0.66 (0.04) 59.6 (1.6) 348 (7.4) 
seedlings 2 11.2 (0.4) 0.55 (0.03) 60.1 (1.3) 296 (7.2) 
(GF28) 3 16.7 (0.6) 0.68 (0.03) 62.6 (1.5) 361 (6.5) 
4 16.5 (0.6) 0.63 (0.04) 54.9 (1.2) 329 (5.4) 
5 12.2 (0.8) 0.58 (0.05) 66.2 (1.2) 301 (5.4) 
6 13.9 (0.8) 0.57 (0.03) 59.0 (1.3) 345 (10.7) 
7 15.1 (0.4) 0.63 (0.02) 60.2 (1.5) 346 (14.8) 
8 15.4 (0.7) 0.59 (0.04) 62.7 (1.2) 346 (7.9) 
Total Mean 14.6 0.61 60.7 334.1 
mean 15.9 0.61 63.5 382 
Density 
The density widely varied between these seedlings (P = 0.000). In 1 year-old seedlings, 
the values of density were from 370 to 476 kg/m3 in GFIO, and from 378 to 543 kg/m3 
in GF 28. In 2 year-old seedlings, the values were from 330 to 383 kg/m3 in GFIO and 
147 
from 296 to 361 kg/m3 in GF28. It is noted that the densities decreased from growth 
ring 1 to ring 2. One immediate question is whether this is an intrinsic feature of very 
young radiata pine or whether this merely reflects the "contamination" of intrinsic wood 
quality values by large but variable amounts of compression wood. 
Microfibril angle 
Microfibril angle was significantly different between seedlings (P = 0.000). In 1 year-
old seedlings, the microfibril angle values ranged from 63.1 to 70.8 degrees in GF10, 
and from 57.5 to 70.85 degrees in GF28. In 2 year-old seedlings, their values varied 
from 54.9 to 70.7 degrees in GF10, and 54.9 to 66.2 degrees in GF28. 
Overall, the wood properties varied from seedling to seedling in every seedlot, 
Comparisons between the four seedlot-age populations are shown in Figures 5.2 to 5.5, 
in which, some seedlings were stiffer, some denser, some with smaller microfibril 
angle, some not. Some populations had more uniform wood property values, and some 
were very different. 
Seedlots GF10 and GF28 are two different genetically improved populations with seeds 
obtained from parent trees by open pollination. Because the genes of both parent trees 
are recombined every seedling's genotype was different from others. Hence, each 
seedling had its own characteristics, or, different wood properties. As a result, these 
mixed wood property populations provide very useful indicaion of the genetic diversity 
available for selecting superior seedlings with stiffer wood and smaller microfibril 
angle. In GF10 seedlot, 5 of the 16 seedlings had stiffness values more than 0.70 GPa, 
whereas in GF28 there was only 1 out of 16. Hence, it might appear efficient to select 
the seedlot first, and then select seedlings from seedlot, but GF 10 trees are thought to 
have poorer growth and form, which is why the seedlot is rated GF10 rather than GF 28. 
The latter is believed to have superior growth and form. 
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Figure 5.2 Maximum crushing strength of one and two year-old seedlings: 
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Figure 5.3 Stiffness of one and two year-old seedlings: 


















Figure 5.4 Microfibril angle of one and two year-old seedlings: 










1-yr-old GF10 -yr-old GF1 I 2-yr-old GF28 
I 
I I I I 
I I 
I I I] I I I I I I I 




Figure 5.5 Density of one and two year-old seedlings: 
vertical bars represent standard errors. 
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5.3.2 Effect of stem position on the wood properties of seedlings 
To understand the effect of stem position on wood properties of seedlings, the stems of 
the seedlings were cut into four segments numbered 1 - 4, 1 and 2 of them called the 
upper two, 3 and 4 the lower two (Figure 5.1). Seven samples were tested for the upper 
two and another seven samples for the lower two of seedling. The means of the wood 
properties and the results of analysis of variance for stem positions are listed in Table 
5.2. There was a significant difference in microfibril angle between the upper two and 
the lower two segments (P = 0.000). And a difference in density (P = 0.062) existed 
between the stem positions. The difference in maximum crushing strength and stiffness 




The means of wood properties in the upper two and lower two positions 
for 2 year-old seedlings: standard errors are shown in parentheses. 
MCS MOE Cave-T MFA Density 
(MPa) (GPa) (degree) (kg/m3) 
Upper two 14.91 (0.25) 0.593 (0.01) 59.30 (0.50) 340.99 (4.04) 
Lower two 14.92 (0.27) 
P value 0.937 




The stiffness values were similar between the upper two and lower two positions, being 
around 0.59 GPa, and the maximum crushing strength values were equal around 14.9 
MPa. The lower two had a higher mean density (349.1 kg/m3) and a slightly larger 
microfibril angle (62.08 degrees) than the upper two (340.99 kg/m3, and 59.30 degrees 
for density and microfibril angle respectively). It maybe that the higher density is 
compensating for the large microfibril angle and vice versa so that the stiffness and 
maximum crushing stengths are equal. These results indicated that the microfbril angle 
and density were changing somewhat with stem position, that is, microfibril angle and 
density are sensitive to the stem development stage. 
Figure 5.6 shows the variations of microfibril angle between the upper two and lower 
two positions for the 16 two year-old seedlings. Of the 16 pairs of points (1 pair of 
points per seedling), there are 13 pair of points that had higher values of microfibril 
angle at the lower two positions, two pair points had similar values, and only 1 pair 
151 
points had higher value at the upper two. It is clear that the microfibril angle reduced 
degrees from the lower two to the upper two positions. 
Figure 5.7 shows the density of the upper two and lower two positions. In 16 pairs of 
points, 12 pairs had higher values of density at the lower two positions, 1 pair points 
had a similar value, and only 3 pairs had higher values at the upper two. This led to the 
density of the lower two positions being larger than the upper two (P = 0.062). 
These results showed that the microfibril anfle and density decreased from lower parts 
to upper parts in most of seedlings. This indicated that microfibril angle and density 
were significantly effected by stem positions. 
Other researchers have described a decline in microfibril angle with height in several 
soft wood species. Pillow et aZ. (1953) measured microfibril angle in three trees of 
Pinus teada L. at breast height and 9 to 12 m where the microfibril angle values were 
significantly lower. Pedini (1992) also found a decline in microfibril angle within a ring 
with height in Picea sitchensis. The microfibril angle in this study revealed a similar 
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Figure 5.6 Microfibril angle at the upper two and lower two stem positions: 
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Figure 5.7 Density of stem at the upper two and lower two stem positions: 
vertical bars represent standard errors. 
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5.3.3 Variations in wood properties of seedlings between seed lots 
The two seedlots at two ages had different wood properties. Table 5.3 gives the means 
of wood properties for lyear-old GF10, 1 year-old GF28, 2 year-old GFIO and 2year-
old GF28. The four groups had significant differences in all wood properties. 1 and 2 
year-old GF10 had higher maximum crushing strengths than GF28, 1 year-old GFlO 
had higher stiffness than the others. It is noted that the microfibril angle and density 
decreased from ring 1 to ring 2 in both GF10 and GF28. 
Table 5.3 The means of wood properties for GFIO and GF28 at ages 1 and 2 
years: standard errors are shown in parenthesis. 
MCS MOE Cave-TMFA Density 
(MPa) (GPa) (degree) (kg/m3) 
1-yr GF10 19.74 (1.10) 0.70 (0.03) 67.02 (0.88) 412.10 (12.40) 
1-yr GF28 14.61 (1.03) 0.55 (0.04) 65.83 (1.74) 424.00 (19.30) 
2-yr GF10 15.22 (0.56) 0.58 (0.03) 60.72 (1.72) 356.06 (7.13) 
2-yr GF28 14.61 (0.71) 0.61 (0.020 60.62 (1.17) 334.05 (8.39) 
P values 0.001 0.013 0.004 0.000 
Table 5.4 lists the wood property means for GF10 and 28. The GF10 had a significantly 
higher value of stiffness (0.64 GPa), a higher value of maximum crushing strength (17.5 
MPa), and a higher density (384 kg/m3) than GF28 (0.58 GPa for stiffness, 14.6 MPa 
for maximum crushing strength and 379 kg/m3 for density). Both of populations had 
similar values of microfibril angle being around 64 degrees. Clearly, the GFIO 





The means of wood properties for two GF groups: standard errors are 
shown in parenthesis. 
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Effect of age on wood properties between one and two year-old seedlots 
Table 5.5 gives the means of wood properties for I and 2 year-old seedlots of GFlO and 
28, and the results of analysis of variance are also summarised in Table 5.5. Clearly, 
age significantly effected the maximum crushing strength (P = 0.016), density (P = 
0.000) and microfibril angle (P = 0.000). The 1 year-old material had a higher 
maximum crushing strength, higher density, and larger microfibril angle than the 2 







The means of wood properties between 1-and 2 year-old seedlots: 
standard errors are shown in parenthesis. 
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Density decreased 73 kg/m3, microfibril angle decreased about 6 degrees and maximum 
crushing strength decreased 2.3 MPa from growth ring 1 to ring 2. These results 
indicate that seedling age is an important factor influencing wood properties. 
5.3.4 Relationships between wood properties of seedlings 
To find relationships between wood properties, correlations and regression analysis 
were carried out for maximum crushing strength, stiffness, microfibril angle, and 
density in 1 and 2 year-old seedlings. The results of the correlations between wood 
properties are summarised in Table 5.6. 
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Table 5.6 The results of correlations between wood properties of seedlings 
r age 
MOE - Density 1 
MOE-MFA 1 
MOE-MCS 0.891 *** 1 
Density - MFA 0.099 1 
Density - MCS -0.236 1 
MCS-MFA 0.326 1 
MOE - Density 0.134 2 
MOE-MFA -0.520* 2 
MOE-MCS 0.624** 2 
Density - MFA 0.171 2 
Density - MCS 0.665** 2 
MCS-MFA -0.270 2 
* at 5% significant level, 
* * at 1 % significant level, 
* * * at 0.1 % significant level. 
5.3.4.1 The relationships between wood properties in one year-old seedlings 
From Table 5.6, an excellent relationship between stiffness and maximum crushing 
strength was found in 1 year-old seedlings (r = 0.891 ***). 
Stiffness and maximum crushing strength 
A plot of mean value of stiffness of each seedling against maximum crushing strength 
for the 16 1 year-old seedlings is shown in Figure 5.8. The regression equation is: 
MOE = 0.150 + 0.0275MCS 
Figure 5.8 shows the stiffness increase accompanies the maximum crushing strength 
increase. The higher stiffness the higher maximum crushing strength. Clearly, most 
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Figure 5.8 Relationship between stiffness and maximum crushing strength 
in 1 year-old seedlings. 
5.3.4.2 Relationships of wood properties of two year-old seedlings 
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The results of regression and correlation between wood properties for the two year-old 
seedlings can be seen in Table 5.6. A negative relationship between stiffness and 
microfibril angle is clear, a positive relationship between maximum crushing strength 
and density, and another positive relationship between stiffness and maximum crushing 
strength existed in two year-old seedlings. 
Stiffness and microfibril angle 
A negative relationship between stiffness and microfibril angle existed in 2 year-old 
seedlings (P = - 0.520*). Stiffness data of each seedling against microfibril angle were 
plotted for the 16 two year-old seedlings in Figure 5.9, in which, each plotted point is 
one seedling. The regression line for the 16 points has a negative slope. It is clear that 
the seedlings with the smaller microfibril angle had higher values of stiffness. 
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It is noted that in the 16 plot points of 2 year-old seedlings, one seedling (No.2 of 
GF 1 0) had an abnormally low stiffness value. This seedling had a larger microfibril 
angle (61.1 degrees) and lower density (330 kg/m3) to form the lowest stiffness value 
(0.43 GPa). Therefore, in Figure 5.13 the r value (r = - 0.520, P = 0.047), the fitted line 
and the regression equation did not consider this seedling. These results imply that 
stiffness is not just determined by microfibril angle but density is another major factor. 
Maximum crushing strength and density 
A plot of density against maximum crushing strength for the 16 2 year-old seedlings is 
shown in Figure 5.10. Clearly, a positive relationship of maximum crushing strength 
and density existed in 2 year-old seedlings (r = 0.665**). The seedlings with a higher 
density had a higher maximum crushing strength. Density may be the major factor in 
determining maximum crushing strength. 
Stiffness and maximum crushing strength 
Figure 5.11 shows a relationship between stiffness and maximum crushing strength (r = 
0.624**). A seedling with a high stiffness also displayed a high maximum crushing 
strength and vice versa. 
Overall, in 2 year-old seedlings, some relationships between wood properties are 
obvious. The results of correlation and regression analysis indicated that stiffness 
increases with microfibril angle decrease. The maximum crushing strength increases as 
density increase, while stiffness is positively related to the maximum crushing strength. 
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Figure 5.9 Relationship between stiffness and microfibril angle 
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Figure 5.10 Relationship between maximum crushing strength and density 



















Figure 5.11 Relationship between stiffness and maximum crushing strength 
in 2 year-old seedlings. 
5.3.4.3 Effect of age on relationships between wood properties 
Comparison of relationships between stiffness and microfibril angle in one and two 
year-old seedlings 
To compare relationship between stiffness and microfibril angle in 1 and 2 year-old 
seedlings, the data of stiffness against microfibril angle of each seedling were plotted 
for the 1 year-old and the 2 year-old seedlings in Figure 5.12. 
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Figure 5.12 Comparison of relationships between stiffness and microfibril angle 
in 1 and 2 year-old seedlings. 
In Figure 5.12, the 16 black plot points represent the 1 year-old seedlings. They had 
larger values for the Cave-T microfibril angle, and the distribution is more scattered (r = 
0.391) with a positive slope. The 16 red plot points are the 2 year-old seedlings, they 
had somewhat smaller values of microfibril angle, and the distribution range a negative 
relation tendency, that is higher stiffness with smaller microfibril angle or vice versa. 
Clearly, the relationship between stiffness and microfibril angle is not as clear in 1 year-
old seedling population: this may be due to the variable, but more abundant 
compression wood in the 1 year-old material. 
Overall, the increase in stiffness values can be explained by the microfibril angle values 
decreasing 5.84 degrees on average from one year-old to two year-old. The MFA 
decrease resulted in stiffness increasing to form a negative relationship between 
stiffness and microfibril angle in two year-old seedlings. Stiffness increases about 0.04 
GPa, and the microfibril angle decreases about 6 degrees from one year-old to two year-
old on average, that is for an microfibril angle decrease at 1 degree, the stiffness will 
increase about 0.007 GPa at this young seedling stage. 
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Comparison of relationships between stiffness and maximum crushing strength in 
one and two year-old seedlings 
The correlations and regression equations between stiffness and maximum crushing 
strength in one and two year-old seedlings have been plotted in Figure 5.13. 
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Figure 5.13 Relationships between stiffness and maximum crushing strength 
in 1 and 2 year-old seedlings. 
The regression line for the two year-old seedlings lies above that for the one year-old 
seedlings, that is, at the same values of maximum crushing strength, the two year-old 
seedlings had higher values of stiffness than the one year-old ones. These results 
suggest that the values of stiffness in two year-old seedlings are higher than one year-
old seedlings. However some one year-old seedlings had a higher mean values for both 
stitlness and maximum crushing strength than any two year-old seedlings. This might 
have been due to compression wood. Alternatively, it is possible that when random 
sampling in mixed populations some seedlings with extreme values can be selected, 
allowing the wood property means to becolne bigger or smaller. Hence, it is suggested 
that when sampling in mixed seedling populations, the sample size should be larger. 
162 
To further illustrate the stiffness increase from one to two year-old, a comparison of the 
ratios of stiffness to maximum crushing strength in one and two year-old seedlings is 
shown in Table 5.7. 
Table 5.7 The ratio of MOEIMCS in one and two year-old seedlings. 
l-yr-old 2-yr-old % increase 
GFlO 0.035 0.038 9 
GF28 0.038 0.042 10 
For the GF10 seedlings, the ratio of stiffness to maximum crushing strength increased 
9% from growth ring 1 to ring 2, for GF28 seedlings, it increased 10%. 
5.4 Discussion 
The wood properties of 32 seedlings from two seedlots and two ages have been studied 
in this chapter. The results indicated that each seedling had different characteristics 
controlled by their different genotypes. 
The analysis of relationships ought to demonstrate that two factors determine stiffness 
in these seedlings. One is density and the other is microfibril angle. As expected 
stiffness and microfibril angle are inversely related to each other (r = -0.520*) in 
clearwood samples (free of compression wood) of 2 year-old seedlings. As expected 
stiffness and density are positively but very weakly related to each other (r = 0.134) in 
clearwood samples (free of compression wood) of 2 year-old seedlings. On the other 
hand the correct relationships/ trends are not found in 1 year-old material. 
While it has been well-reported that microfibril angle is a major factor to determine 
stiffness has been well-reported by researchers (Meylan, 1967, Cave, 1969; Cave and 
Walker, 1994, Walker and Butterfield, 1996; Butterfield, 1998), this is not the case for 
the 1 year-old seedlings of this study. A similar conclusion was obtained by Downes et 
al. (1993) on 2 year-old radiata pine seedlings. They suggested that the young tissue in 
leaders contained amount of compression wood having larger microfibril angles. 
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Mark Gillis (1973), using individual fibres, studied the relationship between stiffness 
and microfibril angle and reported that the axial stiffness of fibers with large angles 
more than 25 degrees is largely insensitive to the properties of the cellulose 
reinforcement and very dependent on the properties of the matrix. Conversely, the 
fibres with small angle less than 10 degrees is largely insensitive to matrix properties 
but extremely dependent upon the properties of cellulose. 
The microfibril angle of the 1 year-old seedlings in the study reported here ranged from 
58 to 71 degrees (Cave-T degrees) in a microfibril angle zone where stiffness has been 
shown by Cave (1969) and others to be relatively insensitive to the microfibril angle. 
This would imply that density (and even the presence of compression wood) is more 
influencial in effecting stiffness. 
It is noted from this study that the microfibril angle was strongly effected by stem 
position and age. Expectedly the microfibril angle became smaller from stem position 
lower two (63 degrees) to upper two (59 degrees). And it was greater in one year-old 
(66 degrees) than in two year-old (60 degrees) seedlings. 
In the young seedlings, especially in the first few growth rings, the microfibril angle 
decrease quite gradually before declining more steeply in rigns 5 to 10 (Figure 2.10) and 
stiffness can increase two or three-fold. Therefore, the role of microfibril angle to 
stiffness is much clear at that stage. But for 2- year-old seedlings, it is difficult to find 
so much different in stiffness between seedlings. The highest stiffness one was just 
67% more than the lowest ones. 
The major problem is that the samples from shorter and thinner 1 year-old seedling 
stems contained small amount of woody material. The stem diameter was only 6.4 mm 
on average. It was difficult to isolate samples that were free of compression wood. 
Hence, the study 1 year-old seedling wood was unsatisfactory and there is a need to 
develop other sampling and testing methods. 
It appears possible to select supenor 2-yr-old seedling as indicative of supenor 
properties in the mature tree, that is, a stiffer seedling will become a stiffer mature tree. 
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According to Donalson (1991) of the five radiata pine trees studied, the result show that 
tree 1 had lower microfibril angle than other trees at an early stage (ring! and 2), and 
still has a smaller microfibril angle in later stages. Further work by Donalson (1993) 
using three genetic groups of radiata pine, obtained a similar result. Using 3 yr-old 
clonal radiata pine seedlings (Butterfield and Pal, 1998) indicated that their clone 3 
maintained smaller microfibril angles from ring 1 to ring 3 than did the other clones. 
If the relationship between the stiffness and microfibril at an early stage is similar to 
that at later stages, it should be possible to select young seedlings at an early stage to get 
stiffer mature trees. The principal concern remains identifying and avoiding 
compression wood. 
5.5 Conclusions 
1 Seedlot GFIO is superior to GF28, having generally stiffer seedlings. 
2 The microfibril angle and density decreased from stem position lower two to the 
upper two, and decreased from growth ring 1 to ring 2. The stiffness increased 
from growth ring 1 to ring 2. 
3 Stiffness is negatively related to microfibril angle (r = - 0.520*) in two year-old 
seedlings. 
4 Maximum crushing strength is positively related to density in two year-old seedlings 
(r = 0.665**). 
5 Stiffness and maximum crushing strength are related each other in both of one and 




The material used in this study was 8 month-old clonal plantlets and 2 year-old GF 
(improved growth & form) seedlings of Pinus radiata. These were used to explore 
wood properties of very young material as the aim of this study is to improve corewood 
quality and preselection of superior trees at a early stage. This required an 
understanding of wood structure and properties in the first few growth rings. The first 
consideration was cambial development and wood formation. Subsequently the study 
considered how the young wood properties were effected by genetic factors and the 
environment in which the material was grown - by using both clones and seedlings -
hopefully to establish the relationships between wood properties. The results and 
problems will be discussed in following sections. 
6.1 The vascular cambium development and wood formation 
The development of the vascular cambium in Pinus radiata was studied using 8 month-
old clonal plantlets grown under thre.e treatments (free growth, tied and angled). The 
results showed that a relationship existed between the apical meristem, pro cambium, 
fascicular cambium, interfascicular cambium, and vascular cambium. Observations of 
this study support the view that the pro cambium and cambium are best regarded as two 
developmental stages of the same meristem (Butterfield, 1976). 
The initiation of secondary growth appeared be a developmental stage that extended 
over several millimetres in the tip parts of the plantlets. Like other characteristics, the 
development of the secondary growth was influenced by treatment. In the tied 
seedlings, the transition period to full secondary growth lasted about 8 mm, but in the 
free and angled seedlings this occurred over a distance of 5 mm in the tip parts. This is 
probably influenced by the tracheid length. Thus, the cambium was established earlier 
in the free and angled plantlets than in the tied plantlets. Accordingly, it is important to 
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provide a good growing condition so the cambium initials and tracheids can develop 
normally. 
As is well known, wood cells are produced by the active cambium through the cambial 
initials' periclinal and anticlinal division, and this is accompanied by ray cell 
elongation. The cambial activity directly relates to the quantity of wood cells formed. 
Cambial activity is influenced by the apical region, age, season, temperature, climate as 
reported by a number of papers (Fraser, 1952; Wodzicki and Pede, 1963; Antonova and 
Stasova, 1993). The results in this study indicated that the cambial activity is influenced 
by treatments and stem positions. The angled plantlets had less amount of wood 
material than the free and tied plantlets. This means that the cambium in the angled 
plantlets was less activity except in compression wood side. The cambium on the 
compression wood side was more active than the opposite wood side being double the 
width. This demonstrated that cambial activity was influenced by hormonal activity. 
The more frequently the cells divide the shorter the tracheids. Wardrop (1948) 
suggested that the shorter tracheids of compression wood side arise as the result of an 
increased number of transverse divisions in the cambium. 
Other studies have shown that the quality of the wood cells is influenced by the cambial 
initial quality. The shorter tracheids of dwarf trees was due to the cambium initials 
being shorter (Lim and Soh, 1997). Juvenile cambium produces shorter tracheids, and 
the mature cambium produces longer tracheids (David et ai., 1959). In this thesis, the 
angled treatment yielded shorter tracheids compared with the free and tied treatment. 
This result agrees with the results reported above as the cambial initials were divided 
more rapidly in the compression wood side. As a result, the angled treatment plantlets 
produced significantly more compression wood cells but fewer cells overall in the entire 
cross-section than plantlets grown in a normal environment. Accordingly it IS 
suggested that to improve the wood cell quality needs to. improve the cambial initial 
quality, ie grow the plantlets as straight as possible. 
The cambium produced wood cells as a different rate in the various stem positions. The 
wood formation increased 15%, 20%, 15%, and 10% from the tip to stem 3 position 
respectively, and then remained constant. Clearly, the cambial activity can be 
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influenced by the plantlet's developmental stage. That is, the cambium is more active 
in the young stems than in the old stems. 
Clearly, both the cambium activity and cambial initial quality can be influenced by 
growing conditions and development stages. 
6.2 Compression wood 
Compression wood formation is caused by the environmental stress (Burdon and Low, 
1992; Downes and Turvey, 1992; Nicholls, 1982; Cown, 1974; Low, 1964; 
Mitscherlich, 1942). A similar result was obtained for compression wood formation in 
this study. From Plate 3.10 and Table 3.4, the compression wood can be found within 
every treatment for clones 8 and 31 plantlets. In the free growth treatment, the 
compression wood, by cross-sectional area, was found to be 27%, in the tied treatment 
was 14%, and in the angled treatment the compression wood was 47%. Clearly, the 
amount of compression wood formed is directly related to the environmental factors 
impacting on the growing plantlet. 
A similar result was reported by Haught (1957) that the compression wood was 42% by 
volume in juvenile wood (laid down in first 8 years), 7% in mature wood, and fewer 
than 10% of trees examined were found to be free from obvious compression wood. 
That is, more compression wood occurs in young trees than in mature trees. A further 
study (Haught, 1958) on loblolly pine showed 6% compression wood in straight trees, 
9.1 % in crooked trees, and 67.1 % in very crooked trees. These results indicated that 
compression wood formation related to environmental factors. Therefore, to reduce 
compression wood percentage and severity is necessary to minimise stem movement 
(tied) and stem inclination (leaning). 
Compression wood is usually recorded as having shorter tracheids, larger microfibril 
angle and a lower stiffness (Madhu and Seth, 1992; Dhubhain et al., 1988; Kocon, 
1990; Wordrop, 1951). 
But, a contrary result was reported by Addis Tsehaye (1995) on radiata pine trees 
(studied on the top parts of trees) that the compression wood had higher stiffness, 
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probably as a consequence of its bigger density, than normal and opposite wood. The 
same result was observed for the angled plantlets in this study. The stiffness of 
compression wood was significantly higher (1.85 GPa) than opposite wood (1.15 GPa), 
was significantly denser (590.9 kg/m3) and had a higher percent cell wall (47%) than the 
opposite wood (450.6kg/m3, and 28.2%, for density, and percent cell wall, respectively). 
There was no significant difference in tracheid length between the wood type samples. 
These results suggested that the compression wood had a high stiffness due to its great 
density rather than due to the influence of microfibril angle (whose effect is likely to be 
slight when this angle exceeds 45 degrees as it does in very young wood). 
6.3 Compression wood samples and the angled plantlets 
From this study, it is noted that the angled plantlets had a greater density and a lower 
stiffness than the free and tied plantlets, whereas the compression wood samples in 
angled plantlets had a great density and a higher stiffness than the opposite, normal, and 
mixed wood samples. These two results seem to be contrary. Further study results 
indicated that the compression wood samples had a higher stiffness due to its larger 
density (all samples had similar length oftracheids). Whereas the angled plantlets had a 
lower stiffness due to its significantly shorter tracheids, although its density was larger 
than the free and tied grown ones. These results imply that if the angled plantlets had a 
same tracheid length as the free and tied plantlets, the angled plantlets should have a 
higher stiffness than the free and tied plantlets. Wardrop and Dadwell (1950) suggested 
that when comparing compression and normal wood samples having similar tracheid 
length and microfibril angle should be used. In this thesis, in some cases, the 
contribution of density to stiffness is clear, in some cases, the contribution of tracheid 
length to stiffness is clear. It is concluded that the compression wood itself is stronger 
(higher MOE) due to its larger density, but the whole angled seedling is weaker (lower 
MOE) due to its shorter tracheids. It seems that tracheid length is more important to 
stiffness than density when tested under tensile load. 
6.4 Stiffness (MOE) influenced by several factors 
Stiffness is an index of wood quality, it varies by a factor of 3 to 5 during the first 30-
years of growth (Cave and Walker, 1994). The results of this study indicated that the 
stiffness value was a combination of several factors, that is, it was directly influenced 
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by density, tracheid length and microfibril angle, and indirectly influenced by cell 
numbers/mm2 and percentage cell wall area. At the same time, the genetic factor (such 
as clone and seedlot), developmental stage (stem position and age), and tree growing 
condition (treatments) also effect stiffness resulting in considerable variation. 
The low stiffness of the angled plantlets was the result of its shorter tracheids, and the 
compression wood sample having stiffer wood was the result of its bigger density. 
Seedling No.8 of 2 year-old GF 10 had a higher stiffness value due to its bigger density 
and smaller microfibril angle, while seedling No.2 ofGFI0 had the lowest stiffness due 
to its large microfibril angle and less density. Clearly, these results demonstrated that 
the stiffness is influenced by density, tracheid length and microfibril angle in this study. 
Therefore, the magnitude of density, the length of tracheids, and degree of microfibril 
angle all influence to stiffness. The results of this study also indicated that the stiffness 
can be indirectly influenced by cell numbers/mm2 and percent cell wall area, as is the 
density. 
That stiffness is related to density has been reported by a number of papers (Pearson and 
Gilmore, 1971; Pearson, 1988; Walker 1993; Mishiro, 1997). In the angled clones, the 
higher stiffness value accompanied the higher density. And in 2-yr old seedlings the 
stiffness is related to maximum crushing strength, with the maximum crushing strength 
being related to density: that is density can directly and indirectly contribute to stiffness. 
These results agree with other studies in mature wood. 
That stiffness is effected by microfibril angle has been well documented (Cave, 1968; 
Butterfield, 1998; Walker and Woollons, 1998; Meylan and Propine, 1967; Donaldson, 
1992). In this thesis, stiffness is shown to be related to microfibril angle in two year-old 
seedlings, the seedlings with smaller microfibril angle had higher stiffness. 
Tracheid length is another factor influencing stiffness (Wardrop, 1951; Furukawa Ishii, 
1998). In this study, the relationship between tracheid length and stiffness was clear in 
the free and tied seedlings, the longer the tracheids, the higher the stiffness. 
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Clearly, these results demonstrated that the stiffness was determined by several factors. 
Hence, to improve stiffness needs to improve individual property, such as microfibril 
angle, tracheid length, density (cell numbers/mm2 and cell wall area percentage). 
Stiffness is also influenced by growing conditions. The free, tied and angled plantlets 
have different stiffness values means if the seedlings grown in different conditions, they 
will produce different stiff wood. Unfortunately, good growing conditions in some 
areas are not available, so to get high quality wood, superior seedlings that suit the local 
growing conditions should be selected. 
6.5 Altered relationships of wood properties in different treatments 
The relationships between a number of young wood properties have been investigated 
in this study, and the results demonstrate that the relationships between wood properties 
can be altered with treatments. In the angled treatment, stiffness is related to density . 
. All the samples of the angled plantlets had similar tracheid lengths but different 
densities. The stiffness changed with density. 
That stiffness is related to tracheid length was found in the free and tied plantlets. In the 
free and tied clonal plantlets of this study, all the wood samples had similar densities 
but different tracheid lengths - the longer the tracheids the higher the stiffness. These 
results demonstrated that if density remains the same, then stiffness is related to tracheid 
length, and if the tracheid length remains same, the stiffness is related to density. 
6.6 Microfibril angle to stiffness in young wood 
Small microfibril angle results in stiff wood has been reported in many of papers. Cave 
(1968) reported a fivefold increase in stiffness in the earlywood of Pinus radiata. 
Bendtsen and Senft also observed five fold increase in stiffness of whole growth rings 
for Pinus taeda (Figure 2.4). Cowdrey and Preston (1966) observed a sixfold increase 
in the stiffness in the early wood of Picea sitchensis as the microfibril angle decreased 
from 40 to 10 degrees. 
In this thesis, there is a negative relationship between stiffness and microfibril angle in 
the two year-old seedlings. Seedlings with a small microfibril angle had a higher 
stiffness value, and seedling with larger microfibril angle had a lower stiffness value. 
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But the results of this study show that the microfibril angle decrease is slight in these 
seedlings. Figure 2.5 indicates that the microfibril angle decrease is rapid from ring 5 to 
ring 15 (Figure 2.5). The regression line of the micrfibril angle with age drops steeply 
from ring 5 to ring 15. But, in growth ring 1 and 5, the microfibril angle is quite large 
but decreases slowly. 
In the one year-old seedlings of this study, the relationship between microfibril angle 
and stiffness is not clear. Downes and Turvey (1992) using two year-old radiata pine 
seedlings find a positive relationship between mirofibril angle and bending strength. 
With glasshouse-grown materials (Downes and Turvey, 1990) a similar weak 
correlation was evident. In a further study using glasshouse material (Downes and 
Turvey, 1992) bending strength was used in addition to stem lean, and no such 
relationship was found. Mark and Gillis (1973) measuring individual fibres state that 
curves demonstrate that the axial stiffness of fibres with large angles (>25°) is largely 
insensitive to the properties of the cellulose reinforcement, and very dependent on the 
properties of the matrix, conversely, the stiffness of small angle fibres «10°) is largely 
insensitive to matrix properties, but extremely dependent upon the properties of 
cellulose. These results suggest that the microfibril angle is less important to stiffness at 
one year-old seedlings since it was too large to contribute to the stiffness in very yOlmg 
wood. 
Although the relationship between microfibril angle and stiffness is not clear in one 
year-old seedlings, a seedling with small microfibril angle can be selected at an early 
stages for tree breeding. Butterfield and Pal (1998) and Donadlson (1993) report that 
where the microfibril angle in the growth ring 1 is small, it remains low in subsequent 
growth rings. 
6.7 Variation of stiffness in young wood 
Compared with mature wood, the young wood presented large variations in stiffness. 
The probable reasons are considered as follows. One is that the mature wood had a 
relatively uniform wood structure tissue, that is, the tracheids reach to their mature 
length with little change after growth ring 15 (Young, 1992). The microfibril angle 
remains relatively constant (Bendtsen and Senft (1986), as does the density after ring 10 
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to 15 (Cown, 1999). Also, the mature wood contains less compression wood tissue. 
Relatively uniform wood structure and relatively stability of wood properties in mature 
wood result in less stiffness variation. Further, the young wood contains more 
compreSSIOn wood. Also, in the young wood, all wood properties are changing. 
Tracheids varies, the microfibril angle decreases, and the density is not stable, all of 
which results in the stiffness being highly variable. Another reason is the variable 
amount of compression wood. The compression wood is randomly distribution and of 
different severity in the young wood (Plate 3.10). This leads to each compression wood 
sample containing different degrees of microfibril angle, tracheid length and even 
density (Appendix 5). Different properties result in different stiffness. Therefore, the 
stiffness shows a hugh amount of scatter distribution when plotted with the density 
(Figure 4.8). Clearly, the presence of compression wood in small testing samples will 
have a large influence on wood properties. Therefore, it is suggested when studying 
young wood properties it is good to use samples free of compression wood tissue. 
6.8 Effect of age and development stages on wood properties 
Age is a major factor influencing wood properties (Addis Tsehaye et al., 1991; 
Bendtsen and Senft, 1986; Koch, 1966; Walford, 1982; 1985). The stiffness, microfibril 
angle, and density of the GFs seedlings were all influenced by age. Seedling 
development stage is another factor influencing wood properties. In two year-old GFs 
seedlings, the microfibril angle decreased from stem position lower two to upper two 
(Figure 5.6 - 5.7). In the clonal plantlets, the stiffness increased 50%, tracheid length 
increased 10%, cell wall area increased 26% from stem 1 to the base. 
Clearly, wood properties are strongly dependent on the stem positions and age. 
Accordingly, when sampling from seedlings, the sample location is important for 
getting accurate results. 
6.9 Effect of environmental factors on wood properties 
Wood structure and properties are influenced by environmental factors (McAlister and 
Clark, 1991; Pellerin et al., 1989). In this thesis, the treatments distinctly effect the 
wood structure and wood properties of clonal plantlets. The 8 month-old clones 8 and 
31 were free-grown, tied, and angled. Each treatment resulted in different wood 
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structures and properties. The angled treatment plantlets produced more compression 
wood, which had round shaped cells with much thicker cell walls, giving high density 
tissue. The tied treatment plantlets produced mostly normal wood cells with rectangle 
cell shape and thin cell walls, resulting in wood of low density. In the angled treatment 
cell numbers/mm2 increase 20%, percent cell wall area increase 28%, density increase 
14%, tracheid length decrease 22%; the angled plantlets have denser and weaker wood. 
In the tied treatment the percent cell wall decrease 9%, density decrease 13%, tracheid 
length increase 5%; the tied plantlets have a lower density and stiffer wood. 
These results demonstrate that seedling in different growing situations will produce 
different structure wood with different wood properties to suit its growing conditions. 
6.10 Genetic factors and preselection 
The results of this thesis indicate that both clones and seedlots can influence on wood 
properties. Under the angled treatment, clone 8 had a significantly higher stiffness 
(1.60 GPa) than clone 31 (1.20 GPa), and longer tracheids (0.96mm) than clone· 31 
(0.92 mm). GF10 had stiffer seedlings than GF28, both can be as a source for seedling 
selection. It is suggest that when selecting seedlings, selecting seedlot first is more 
efficient. The seedlings from GF10 and 28 had different genotypes and different 
characteristics, some seedlings were stiffer, some weaker, some similar, some very 
different. Clearly, the plantlets with different genotype had different wood properties. 
6.11 Problems 
The young wood properties at first and second growth ring have been studied in this 
thesis. The first problem was how to make small test samples. The 8 month-old clonal 
plantlets contained small amounts of woody tissue, especially in upper parts, such as 
stem 1. These stems were too small to prepare regular sample sizes. Splitting the stems 
into quadrants to give four test samples is a useful method. However, the irregular 
dimensions of the tiny samples probably effected the accuracy of cross-section area 
measurement which is needed for stiffness and density calculations. Consequently large 
standard errors of the means for wood properties were to be expected. It was possible to 
prepare enough 1xlx4 mm clearwood samples (after Butterfield, 1988) from ring 2 in 
two year-old seedling materials. But it was not possible to get clearwood samples free 
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of compression wood from one year-old seedlings. Therefore, for one year-old 
seedlings, it is not clear whether the larger density in one year-old wood was due to 
compression wood tissue, to crushing or to resin etc. Overall, it is obvious that the 
methods and equipment need to be improved to test such small young wood tissue. 
Another problem is sampling from mixed seedling populations. The means of the wood 
properties may lose its meaning when comparing seedlots in some case. In this thesis, 
by sampling in the 1 and 2 year-old seedling populations of GF 1 0 and GF28, and 
comparing wood properties the results showed that the mean of the stiffness value for 
the 1 year-old seedlings was nearly same as the 2 year-old seedlings. According to this 
comparison, it is considered that the 1 and 2 year- old seedlings had a similar stiffness. 
However, this study provides a basis for further investigation of young wood properties 
using small trees in Pinus radiata. 
6.12 Further work 
It is important for preselecting to understand that selecting a superior seedling at· an 
early stage should result in a mature tree with superior characteristics at a later stage, in 
other words, a superior seedling with small microfibril angle, longer tracheids, and 
higher density should become a good mature tree still with these good characters. 
Hence, further works need to be done so that the wood properties are recorded and 
analysed at different clonal tree ages to explore the relationships of wood properties 
between young and mature trees. 
174(a) 
The Ph.D. examiners recommend the award of the degree Ph.D. on the condition that 
the candidate adds a 1 - 2 pages Addendum into the final thesis before it is deposited in 
the Library. 
The Addendum is to require to explain the large variability in stiffness, density, and cell 
wall area due to the experimental methods, and to comment on the difficulties that this 
caused in analyzing the data. 
The greatest difficulty in this thesis has been working with very small pieces of wood 
(as small as lxlx4 mm) of very young age (never more than two years old) and of 
considerable variability. 
Characteristics (density, number of cell/mm2) and properties (stiffness) can vary by a 
factor of two or more. The following sets out the range of values found within 
individual treatment: 
Stiffness Density Cell wall Cells/mm L 
(GPa) (kg!m3) area % 
Between clones 1.73 - 1.77 495 - 464 33.0 - 32.9 2337 - 2291 
Within clones (samples) 0.76 - 2.98 382 - 568 24.9 - 42.7 1096 - 2994 
Up the stem 0.94 - 2.45 392 - 572 25.2 - 40.7 1970 - 2756 
With compression wood 1.28-3.48 482 - 645 37.9 - 55.5 2310-2727 
Without compression wood .. 0.&3··2.04 435 - 482 19.9-35.1 2099 - 3261 
The causes of the variability are uncertain. Some arise from the methods employed. 
Thus in measuring small samples the derived densities can vary by 85%. When 
measuring cell wall area the derived % cell wall area can vary by 180%. Yet there is an 
unexplained error in these values which is reflected in Figure 4.19 and 4.20. Others 
have commented on the same discrepancy (between density and cell wall area 
measurements) in their own work, but the correlation is far poorer in this study because 
of experimental difficulties. 
The other major difficulty lies in the relative high density values measured in the 
seedlings compared to the relatively low densities recorded in forest-based studies 
(where ring one may not be sampled). A partial explanation lies in the amount of 
compression wood measured in these seedlings! clones compared to that quoted in the 
literature for forest trees. Another difficulty lies in the definition of compression wood 
(mild, moderate, severe) which are largely subjective terms. 
However the overwhelming difficulty in drawing rigorous conclusions is due to the 
small sample sizes - despite the huge amount of material tested for the thesis. It might 
have been better to have sampled all material at a fixed height above ground level or a 
fixed number of branches from the top of the trees - but nothing was known about the 
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large variation in properties up the stem (Table 4.8, 4.9 and 4.10). It might have been 
better to have examined only one clone in detail. It might have been better to have 
looked at wood of a single age. It might have been better to have used only tilted 
material. But if such a limited strategy had been employed much that is still tentative 
would have been unknown. In the end this thesis is a scoping study which delineates 
the extent or variability in many matters without providing the desired quantitative 
rigour. However, that is the nature of a scoping study and is a weakness and a strength 
of the thesis depending on the view point adopted. This addendum is to emphasise that 
the thesis is open-ended and all conclusions must inevitably be tentative. Much remains 
to be done. 
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APPENDICES 
Appendix 1 The heights and the stem lengths of the 8 month-old 
plantlets of clone 8 and 31. 
Table A.l.l The height of the clones 8 and 31 (mm). 
Seedling No. Base Stem 4 Stem 3 Stem 2 Stem 1 Tip 
C8F (bag 1) 74 301 512 611 689 
C8F (bag 15) 118 293 494 651 701 891 
C8T (bag 13) 80 184 375 583 594 855 
C8T (bag 19) 80 194 344 484 561 895 
C8A (bag 11) 47 107 185 311 382 472 
C8A (bag 17) 20 106 211 376 426 536 
C31F (bag 12) 87 232 583 674 799 904 
C31F (bag 14) 45 167 339 533 622 833 
C31 T (bag 20) 95 215 337 592 662 928 
C31 T (bag 12) 97 229 378 581 662 917 
C31A (bag 24) 15 110 305 480 571 676 
C31A (bag 2 115 210 365 510 584 689 
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Table A.1.2 The stem length of the clones 8 and 31 (mm). 
Seedling No. Base Stem 4 Stem 3 Stem 2 Stem 1 Tip Total 
C8F (bag 1) 74 227 211 99 78 689 
C8F (bag 15) 118 175 201 157 50 190 891 
C8T (bag 13) 80 104 191 163 56 261 855 
C8T (bag 19) 80 114 150 140 77 334 895 
C8A (bag 11) 47 60 78 126 71 90 472 
C8A (bag 17) 20 86 105 165 50 110 536 
C31F (bag 20) 87 145 306 136 125 105 904 
C31F (bag 14) 45 122 172 194 89 211 833 
C31 T (bag 20) 95 120 122 255 70 266 928 
C31 T (bag 12) 97 132 149 203 81 255 917 
C31A (bag 24) 15 95 195 175 91 105 676 
C31A (bag 22) 115 95 155 145 74 105 689 
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Appendix 2 Variability in tracbeid lengtb between clones 8 and 31,. 
three treatments' and ste-m positions. 
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Figure A.2.t Distributioo .of tracheid length .of ·8 m.ontb-old radiata pineplantlets. 
Figure A 2.1 shows a distribution of the tracheid length of all plantlets. Totally 8625 
tracheids were measured,. 95% tracheid length are between 0.68 to 1.47 mm .. 
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Figure A.2.2 Variation of the tracheid length between clones 8 and clone 31 
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Figure A.2.3 Variations of the tracheid length between free, tied and angled 
treatments. 
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Figure A.2.4 The distribution of tracheid length between the stem positions. 
Figure A.2.4 shows the variation in tracheid length between stem positions. 
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B) Data Display 
Row No. Tree Means Stdv Semean Tracheid CV% 
Stem number 
Stick No. 
1 111 1.030 0.232 0.046 25 4.5 
2 121 0.990 0.186 0.026 50 2.6 
3 122 1.052 0.165 0.023 50 2.2 
4 123 0.962 0.209 0.029 50 3.1 
5 124 0.997 0.135 0.019 50 1.9 
6 131 1.095 0.144 0.020 50 1.8 
7 132 1.068 0.189 0.026 50 2.5 
8 133 1.076 0.169 0.023 50 2.2 
9 134 1.121 0.182 0.025 50 2.3 
10 141 1.235 0.163 0.023 50 1.9 
11 142 1.219 0.140 0.019 50 1.6 
12 143 1.167 0.153 0.021 50 1.8 
13 144 1.198 0.146 0.020 50 1.7 
14 151 1.157 0.147 0.020 50 1.7 
15 152 1.212 0.185 0.026 50 2.1 
16 153 1.213 0.164 0.023 50 1.9 
17 154 1.255 0.139 0.019 50 1.6 
18 211 1.011 0.267 0.037 50 3.4 
19 221 1.079 0.184 0.026 50 2.4 
20 222 1.024 0.181 0.025 50 2.5 
21 223 1.027 0.207 0.029 50 2.8 
22 224 1.038 0.153 0.021 50 2.1 
23 231 1.094 0.187 0.026 50 2.4 
24 232 1.025 0.159 0.022 50 2.2 
25 233 1.093 0.159 0.022 50 2.1 
26 234 1.092 0.158 0.022 50 2.1 
27 251 1.123 0.161 0.023 50 2.0 
28 252 1.095 0.125 O.oI8 50 1.6 
29 253 1.085 0.143 0.020 50 1.9 
30 254 1.086 0.134 O.oI8 50 1.7 
31 311 1.052 0.106 0.021 25 2.0 
32 312 1.024 0.118 0.023 25 2.2 



































































































































































































































































































































































































































































































































































































































































































































































































































148 1023 0.971 0.300 0.060 25 6.1 
149 1031 0.897 0.135 0.019 50 2.1 
150 1032 1.025 0.174 0.024 50 2.4 
151 1033 0.943 0.135 0.019 50 2.0 
152 1051 0.875 0.140 0.019 50 2.2 
153 1052 0.943 0.162 0.023 50 2.4 
154 1113 0.697 0.240 0.048 25 6.8 
155 1121 0.924 0.186 0.026 50 2.8 
156 1122 0.736 0.138 0.019 50 2.6 
157 1123 0.746 0.177 0.035 25 4.7 
158 1131 0.879 0.138 0.019 50 2.2 
159 1132 0.947 0.152 0.021 50 2.2 
160 1134 0.892 0.183 0.025 50 2.9 
161 1141 0.777 0.100 0.014 50 1.8 
162 1143 0.833 0.132 0.018 50 2.2 
163 1151 0.949 0.145 0.020 50 2.1 
164 1152 0.948 0.192 0.027 50 2.8 
165 1154 0.920 0.168 0.024 50 2.6 
166 1211 0.949 0.168 0.023 50 2.5 
167 1212 0.970 0.211 0.029 50 3.0 
168 1214 0.882 0.216 0.043 50 4.9 
169 1221 0.975 0.236 0.033 50 3.4 
170 1222 1.028 0.235 0.033 50 3.2 
171 1223 1.019 0.206 0.029 50 2.8 
172 1224 1.083 0.197 0.028 50 2.5 
173 1231 0.837 0.157 0.022 50 2.6 
174 1232 1.018 0.169 0.023 50 2.3 
175 1233 0.944 0.157 0.022 50 2.4 
176 1234 0.990 0.197 0.028 50 2.8 
177 1251 0.944 0.165 0.023 50 2.5 
178 1252 0.955 0.200 0.028 50 2.9 
179 1253 0.948 0.204 0.029 50 3.0 
180 1254 0.959 0.189 0.027 50 2.8 
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Appendix 3 The relationships between wood properties of 
clonal piantlets 
Table A.3.1 The r values, P values, and regression equations of the relationships 
between clonal wood properties 
Relationship Treatment r values P values Regression equation 
MOE - tracheid length F,T,A 0.28 0.000 Y = -0.321 + 1.77x 
MOE - tracheid length F, T 0.40 0.000 Y = -2.47 + 3.89x 
MOE - density A 0.528 0.003 Y = -0.503 + 0.00371x 
Density - tracheid length F,T,A -0.52 0.000 Y = 841 - 353x 
Density - tracheid length F, T -0.47 0.000 Y = 924 - 426x 
Density - cell numbers/mm2 F,T,A 0.54 0.004 Y = 145 + 0.148x 
Density - cell wall area % F,T,A 0.68 0.000 Y = 243 + 7.56x 
Tracheid length - cell numbers/mm2 F,T,A -0.54 0.004 Y = 1.65 - 0.000276x 
Tracheid - cell wall area % F,T,A -0.61 0.001 Y = 1.45 - 0.0134x 
Cell wall area % - cell numbers/mm2 F,T,A 0.69 0.000 Y = 1270 + 31.6x 
F, T, A are the treatments of the free, grown. 
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Appendix 4 The wood property weighted-means according to four 
quadrants area percentage on stem cross area. 
Table A.4.1 Properties of the two angled clones compared: standard errors are 
shown in to Table 
Clone MOE Density Tracheid L. Cells Cell wall 
(GPa) (kg/m3) (mm) (mm2) area (%) 
8 1.62 (0.19) 516 (18.4) 0.96 (0.02) 2639 (119) 34.8 (2.93) 
31 1.20 (0.13) 499 (16.4) 0.92 (0.02) 2452 (44.6) 40.3 (3.96) 
Table A.4.2 Properties of the two clones, three treatments and stem positions 
compared: standard errors are shown in parentheses. ( related to 
Table 4.8). 
MOE Density Tracheid L. Cells Cell wall A. 
(GPa) (kg/m3) (mm) Imm2 (%) 
Clone 
8 1.72 (0.14) 482 (13) 1.06 (0.020) 2244 (97) 30.8 (1.4) 
31 1.62 (0.12) 464 (11) 1.07 (0.027) 2271 (50) 31.7 (1.8) 
P value 0.513 0.123 0.916 0.863 0.793 
Treat 
Free 1.68 (0.17) 470 (13) 1.11 (0.015) 2105(46) 29.3 (1.0) 
Tied 1.72 (0.11) 415 (7) 1.16 (0.019) 2127 (68) 27.1 (0.8) 
Angled 1.61 (0.17) 535 (10) 0.91 (0.021) 2526 (79) 37.2 (2.0) 
P value 0.873 0.000 0.000 0.004 0.000 
Position 
Stem 1 1.07 (0.15) 478 (19) 0.99 (0.047) 2112 (75) 27.3 (1.7) 
Stem 2 1.43 (0.11) 473 (16) 1.04 (0.026) 2239 (63) 29.5 (1.8) 
Stem 3 1.59 (0.16) 477 (23) 1.07 (0.035) 2187(119) 32.0 (2.5) 
Stem 4 2.44 (0.22) 446 (20) 1.11 (0.050) 2352 (163) 33.2 (4.0) 
Base 1.78 (0.16) 478 (20) 1.08 (0.033) 2413 (150) 34.6 (2.3) 
P value 0.000 0.678 0.000 0.194 0.005 
Appendix 5 The influence of compression wood, clone, treatments, 
stem positions, and other factors (tracheid length and 
microfibril angle) on young-wood stiffness. 
3.5 ~=- 1.00+ O.OO488density A 
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Figure A.S.1. The plot points were four wood types from the angled plantlets. 
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The compression wood had a large influence on stiffness for similar density. Probably 
the other factors influenced on stiffness as scatter distribution of plot points especially 
the compression wood. 
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Figure A.5.2 A same plot of Figure A.5.1 are with stem position labelled (I to 5 are 
stem 1 to the base). 
The one top and two low points are compression wood samples from stem 4 and 3 
therefore suggest that the severe compression wood tissue had a large variation in these 
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Figure A.5.3 A same plot of Figure A.5.1 is labelled with clones 8 and 31. 
The top point is stem 4 from clone 8, and the two low points are stem 3 from clone 31. 
The stiffness of compression wood in clone 8 higher than clone 31, therefore together to 
form wider variation. 
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Figure A.S.4 same plot of Figure A.S. t is labelled with microfibril angle. 
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The top point had small fibril angle (64 degrees), and the two low points had larger 
microfibril angle (74 and 71 degrees respectively). Clearly, the tnicrofibril angle 
influenced on stiffness. Compression wood had similar density but had different 
microfibril angle resulted in wider variation. This graph shows that the density also is 
important to stiffness as in shnilar microfibril angle the density was bigger the stiffness 
is higher. 
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Figure A.S.S A same plot of Figure A.S.l is with tracheid length. 
It is clear that the tracheid length was influenced on stiffness. Anyway, if the sample 
with longer tracheids but with lower density the stiffness still lower. The density look 
like more important than tracheids in so young angled plantlets as the tracheids too 
short to playa lnajor role in this stage. 
212 
Appendix 6 The results of correlation analysis between stiffness and 
tracheid length for clones 8 and 31 (with 95% 
Confidence) $ 
Quadrants data (all sample data): 
The regression equation is 
y (MOE) = - 0.321 + 1.77 x(tracheid length) 
R-Sq = 7.9% R-Sq(adj) = 7.4% 














The regression equation is 




R-Sq = 11.8% R-Sq(adj) = 10.0% 

























The regression equation is 
y = 0.109 + 1.38 x 
R-Sq = 43.2% R-Sq(adj) 
Analysis of Variance 
Source DF SS 
Regression 1 0.24658 
Error 10 0.32410 
Total 11 0.57068 
Clone data 
The regression equation is 
y = - 0.023 + 1.50 x 
R-Sq = 66.5% R-Sq(adj) 
Analysis of Variance 
Source 
Regression 
Error 
Total 
DF 
1 
4 
5 
SS 
0.13067 
0.06568 
0.19635 
37.5% 
MS 
0.24658 
0.03241 
58.2% 
MS 
0.13067 
0.01642 
F 
7.61 
F 
7.96 
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P 
0.020 
P 
0.048 
